Lo I

+

P

P ——
4 .

e
(SR

STUDY OF MINIMUM PRESSURE LOSS
IN HIGH VELOCITY DUCT SYSTEMS

by

C. R. Gerlach
E. C, Schroeder

Interim Technical Report No. 1
. Contract No. NAS8-21133 ﬁ{
Contrel No. DCN 1-7-52-20017 (iF) £

SwRI Project No. 02-2119 X

Prepared for A M

National Aeronautics and Space Administvation
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

16 July 1969
N70-25345

"~ (ACCESSION, ’Z& ;:I%}A ] (‘N;RU)
=185 4q4 al

U (NASA CR OR TMX OR AD NUMBER) (CATEGORY)

TV FORM 602

_" ' ~
. SOUTHWEST RESEARCH iNS'IHTUTE
SAN ANTONIO - “lOUSTON




SCUTHWESYT RESEARCH INSTITUTE
8500 Culebia Road, San Antonio, Texas 78228

STUDY OF MINIMUM PRESSURE LOSS
IN HIGH VELOCITY DUCT SYSTEMS

by

C. R. Gerlach
E. C. Schroeder

Interim Technical Report No. 1
Coniract No. NAS8-21133
Conirol No. DCN 1-7-52-20017 (iF)
SwRI Project No. 02-2119

Prepared for

National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshal! Space Flight Center. Alabama 35812

16 July 1969

Apprdved:

A Wy Mo

H. Norman Abramson, Director
"Department of Mechanical Sciences




IR B D Lo Ry T rmi et e kg vtiopan oy o o,

APPENDIX A
APPENDIX B
APPENDIX C

APPENDIX D

REFERENCES

TABLE OF CONTEMNTS

1. INTRODUCTION
1II. BELLOWS FLOW-INDUCED VIBRATIONS
II.1 Introduction
II.2 Background Information and Preliminary
Test Results
II.3 Flow Excitation Mechanism
11.4 Prediction of Flow-Excitation Lock-In Range
J1.5 General Discussion of Bellows Forced Vibration
Ii.6 Vortex Force Coefficient - Idealized Test Model
1}1. 7 Vibrations of Real Bellows
11. 8 Beliows Damping
11.9 Other Influences
11.10 Acoustic Resonance
11. 11 Bellows Flow-Induced Stress
1i1. BELLOWS LINER DESIGN AND ;EXTERNAL DAMPING
DEVICES o
1. 1 -Cone Liners for Reduction of Vibrations
111.2 Pressure Loss of Cone Liners
1.3 External Daraping Devices :
111. 4 Summary of Bellows Vibration Suppression .
Iv. BELLOWS AND ELBOW 'PRESSURE LOSS
iv.1 Description of Pressure Loss Mechanism
V.2 Compiled Bellows Pressure Loss Data and
Some Test Results
V.3 Liow Pressure Loss Bellows Configuration
iv.4 Low Pressure Lioss Duct Bend
V. CONCLUSIONS AND RECOMMENDA TIONS
V.1 Conclusions
V.2 Recommendations

Dimensional Data for Test Bzllows Cited

Bellows Spring Rate and Stress-Deflection

Prediction of Bellows Added Fluid Mass for
Out-of~Phase Mode

Excitation of Liongitudinal Adoustic Resonance
in Flow System

ii

16
39
43
45
67
75

81
86

92
92
96
2¢
102

105

105
112
116

128

128 .
130

. Al

Bl
Cl

DI

¥

ol

I s

bmmd &www J

L—-rn; [ l«m b Lumn-ii tﬂm‘ hwﬁ.ﬂma

q S

e

- i" P ‘ “ -mu‘

Pt

:W‘,‘;‘;u.,\ R



. on
pree—
S

P ORI

7O

rn

g s

o~
u

-~ (

{

1. INTRODUCTION

This repozrt summarizes all work which has been performed by
the Southwest Research Institute during the past two-year period under
Contract NAS8-21133, "Study of Minimum Pressure Loss in High
Velocity Duct Systems', This study is being performed for the George
C. Marshall Space Flight Center of the National Aeronautics and Space
Administration and administered technically by the Propulsion and
Vehicle Engineering Laboratory with Mr. R, H. Veitch serving as
Technical Manager.

.The general objective of this study is to perform a theoretical '
and experimental investigation of ducting and ducting components to
minimize pressure drop, surge pressures and vibration levels and, thus,
to generally improve flow conditions of gases and liquids in space vehicle
feed systems. Because of NASA needs, rauch emphasis has been placed
on the study of bellows flow-induced vibrations.

Summeary of Results

A number of significant {indings have been made throughout this
study and are discussed in detail in this report; these are summarized
below:

(2) Bellows Flow-Induced Vibrations - The fluid-elastic
.tmechanism causing bellows flow excitation (vortex shedding)
has been observed and described. Analytical models have
been developed to allow a designer to predict when flow
excitation may occur, and to estimate the severity of the
bellows vibrations. All pertinent data, in the form of
equations and curves, are presented in this report. The
method is subject to certain current limitations which are
discussed.

(b) Bellows Liner Design - A limited amount of information
is presented to 2id 'in the design of a conventional bellows
liner which suppresses flow-induced vibrations.

(¢) Bellows Pressure Loss - All available data has been
compiled which gives bellows pressure loss for various
convolution geometries, various sizes, and various flow
media. Existing bellows pressure loss correlation methods
have been reviewed, and while none are completely adequate,
one is recommended for future use. '
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(d)

(e)

Elbow Pressure Loss - A new elbow design has been
discovered which results in a significant reduction in
pressure loss, as confirmed by tests. \

External Damping Devices - Varvious bellows external

damping devices have been tried as a means of suppressing
bellows flow~induced vibrations. The results of these tests
are presented to guide the designer in achieving vibration
suppression by this means.
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II. BELLOWS FLOW-INDUCED VIBRATIONS

II.1 Introduction

The occurrence of flow-induced vibrations of metal bellows
contained in fluid ducting systems has, for some time, been a problem
for aerospace applications. There are known instances where flow-
induced vibrations of bellows have resulted in fatigue failures which
forced the premature shutdown of some critical fluid systems. The most
comrnon methods for correcting unsuccessful bellows installations have
been either to install an internal liner, where possible, or to use multiple
plys or thicknesses of metal when constructing the bellows. Unfortunately,
increasing the number of metal plys has not always cured the flow-induced
vibration probiem, and the use of a bellow's liner generally leads to an
ir crease in component weight and cost. A major obstacle in the past has
been that the flow mechanism which causes bellows vibration has not been
described or understood so that flow-induced iailures could be anticipated.
From the standpoint of the designer, a desirable goal is to have available
an analytical procedure which allows a prediction of critical fluid flow
ranges for a given bellows configuration and, further, which gives a method
for estimating sttess levels resulting from the flow excitation in these
critical ranges.

This chapter of the report is devoted to a comprehensive discussion
of the bellows flow-induced vibration problem. As will be demonstrated, a
fluid-elastic instability—coupling of vortex shedding from the bellows con-
volutions with the bellows structural vibration modes—is responsible for
flow-induced failure problems. The conditions under which flow excitation
-is likely to occur are predictable, with acceptable accuracy, through the use
of a simple analytical procedure. Further, good progress has been made in
the development of a method for predicting magnitudes of the dynamic stresses
which occur in the convolutions because of flcw excitation, This refined stress
prediction method is supplemented by a simple "stress indicator' procedure
for quickly judging potential severity of bellows vibrations. A preliminary
stress indicator! versus number-of-cycles-to-failure curve nas been com-
piled as a further aid to the engineer. Collectively, these various procedures
represent a design or evaluation method which can be used to determine the
-adequacy of a given bellows application.

II.2 Background information and Preliminary Test Results

A search of the open literature, conducted at the start of the project,
revealed that no previous work had been reported on flow excitation of bellows.
In fact, the only discussions found in the literature which deal with the related
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problem of mechanically excited vibration characteristics of bellows are
those of Daniels (1) and Lytle (2). A study of unpublished reports from
the éerOSpace industry, however, revealed that bellows flow-induced
fatigue failures had been observea for a variety of conditions, including
liquid and gas flow, single- and multiple-ply bellows, and both free and
wire braid-covered items.

In an effort to better understand the prdblem, yeveral different
bellows specimens were initially tested in a water-flow loop. Figure 1
shows a typical item mounted in the flow loop test section—in this case
a free bellows with an internal diameter of 2-in, Xach test bellows had
one or more strain gages cemented on the bellows convolution crowns
(see Figure 2 for bellows nomenclature) to allow flow-induced strain to
be monitored. For each test bellows it was generally found that as the
fluid velocity was slowly increased, starting from zero, successive longi-
tudinal accordian vibration modes were excited. Figures 3 and 4 show
typical strain data and Figure 5 illustrates the vibration modes observed.
As may be seen from Figures 3 and 4, each vibration mode was excited
over some well defined fluid velocity range with the peak excitation occur-
ring near the center of this range. A Fourier analysis of the strain signal
was made at each test point with a wave analyzer, which revealed that, in
some instances, more than one mode was being excited at a given fluid
vélocity. The simultaneous existence of two modes has only been observed,
however, where the resonant frequency of one mode is ahout twice the
resonant frequency of the other. In Figure 4, for example, the second
mode showed significant response over the same fluid velocity range for
which the first mode was responding. |

While the brief description above is not complete as to many fine
points of other observations about bellows flow-induced vibrations, it should,

at least, introduce the reader to the probiem. .

1.3 Flow Excitation Mechanism

Based on test data of the type discussed above, and on the results
of some flow visualization experiments, evidence is now conclusive that
vortex shedding from'the bellows convolutions is the prime mechanism
responsible for the flow excitation phenomena which are observed in practice.
In every sense, the phenomena is a fluid-elastic instability (see References
3-7), since a mutual interaction or coupling occurs between the dynamics
of the bellows (the elastic system) and the nonsteady flow near and between
the convolutions (the dynamic fluid system). Many factors have an influence
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CONVOLUTION NOMENCLATURE

_ o’_.:" x-—-] Crown |

Root Trapped Fiuid
(Added Mass ) —

MECHANICAL MODEL AND NOMENCLATURE

K k K Kk
- Y o Y - E——-

m

A mass (m) Is assigned each con\éoiution crown
and root; the number of masses is 2N.-1.

The value of m is mp + mg where
Mm "ﬂ'pthpo Iwa+{h-2a) |

The number of springs is 2N and

where kp is the overall bellows spring rate.

Figure 2. Convolution Nomenclature And Mechanical Vibration Model
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on this coupling pheromena; these factors will be discussed in detail in
later sections of this report. The purpose of this section is to describe
the fluid and structural behavior when vibration occurs, and also for
those conditions when it does not occur.

For flow through a convoluted section of bellows, with the convo-
lutions fixed to prevent vibration, a steady turbulent flow situation exists
throughout the bellows. Figure 6 illustrates the steady flow in a bellows
with no convolution vibration; this is a physical picture formulated from
our own flow visualization experiments, and from the information reported
by Haugen and Dhanak {8), and Townes and Sabersksy (9). Each convolution,
in general, experiences an internal eddying flow because of a momentum
transfer process. Energy is transferred into each convolution in a mixing
zone or shear layer, indicated in Figure 6. The number and size of the steady
vortices which exist in the convolutions are a function of the convolution
geometry, also indicated in Figure 6. Very shallow convolutions may con-
tain only one vortex, while two or more may exist in deep convolutions. As
will be discussed in a latexr section of this report, it is this momentum
transfer process and vortex motion which causes a bellows to have an extra-
ordinarily high pressure loss.

The physical picture described above is strictly for the case of no
convolution motion or vibration. The only flow excitation which the bellows
would experience with this type of flow behavior, would be random as a
result of the turbulent pressure fluctuations experienced at the fluid-
convolution boundary. This excitation mechanism would give forces of a
much lower magnitude than the one really responcible for bellows flow
excitation.

When the bellows is allowed to be flow excited, the physical picture N
of internal flow described above is no longer valid, in general. For this :
case, the flow now involves a large-~scale periodic vortex formation and -
shedding process which has been visualized with the apparatus shown in )
Figure 7. The model consists of a two~-dimensional ciear plastic channel ;
containing a short section of convoluted metal which is placed so that the -
convolution tips are exposed to the fluid flow, as in an actual bellows. One
end of the convoluted segment is movable, in a longitudinal direction, so
that the convolution pitch can be varied, as desired, by stretching or com-
pressing the segment, When water is passed through the channel at the
proper velocity, the segment is flow excited (if the conditions are right);

10
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Figure 6. Fluid Flow Behavior With Stationary Convolutions
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this vibration of the convoluted segment is eagily viewed in a slowed-
down manner with the aid of a strobe light. By injecting ink upstream
from the convoluted segment, as indicated in Figure 7, the vortex
shedding process can readily be visualized.

Both still and moving pictures of the vortex shedding have been
made; Figure 8 shows several of the still pictures, which were taken at
random times during the vortex shedding process. The presence of a
vortex pattern is evident in each picture. The movie, of course, shows
the interaction of the fluid motion and the segment much more clearly
than do the still pictures.

Figure 9 shows the sequence of fluid and convolution events which
have been observed in a frame-by-frame examination of the motion
picture. Note, first of all, that the mode of vibration of the segment is
one where each convolution moves out-of-phase with the adjacent convo-
lution(s). The vortex shedding process on the vibrating segment, as
shown by Figure 9, occurs as follows:

Postion I - A large vortex (c) has formed between convolutions

1 and 2, and is being "pushed" out into the fluid stream by the
pinching action of these two convolutions. A large, well-formed
vortex (a) is moving across the tip convolution 3; the origin of

this vortex will be made clear in the description of other events.
Finally, a small vortex (b) is beginning to form on the downstream
side of convolution 2. '

Postion II ~ Vortex (c) has been pinched from between convo-
lutions 1 and 2 and has now moved out into the fluid stream, and
will soon ''detach' from convolution 1 and be swept downstream.
Vortex (b), which is forming on the downstream side of convolution
2, is gaining in strength. Vortex (a), which in Pos'ition I was
beginning to move over the tip of convolution 3, is now further
downstream.

Position III - The space between convolutions 1 and 2 is opening
up, hence fluid is being drawn in, and vortex (d) is beginning to
form on the downstream side of convolution 1. Vortex (c) has been
‘swept over the top of convolution 2, with thé timing being about
right to reinforce vortex (b), which is being pinched from between
convolutions 2 and 3; the combined vortex is labeled (b + c).

13
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Position IV - Vortex (d) has gained in strength as it forms on
the downstream side of convolution 1. Vortex (b + c) is being
pinched out from between convolutions 2 and 3, and will begin
to propagate downstream.

Position V. - This position is the same as Position I, so the
cycle is complete. Note that vortex (a) in Position I was a
combination of two vortices, as is vortex (b + ¢) in Position V.

It must be emphasized that the series of fluid events described in
the foregoing are probably not exactly descriptive of other situations.
Probably the main difference seen from a comparison with other situations,
would be that the phasing of vortices propagating downstream would not
always be correct, with respect to a vortex forming at a point downstream,
to give a reinforcement condition, as was seen here. We have some evi-
dence to suggest that there might be optimum convolution geometries, for
a given mode of vibration, which yields a peak excitation amplitude, TlLis

might be caused by a vortex reinforcement phenomena.

It has been shown in the foregoing discussion that two different
fluid flow regimes exist; one cccurs when the convolutions are constrained
and, consequently, no organized large scale vortex shedding is seen, only
a steady-state turbulent situation. The other flow regime occurs when the
convolutions are vibrating as a result of flow excitation; here a large-
scale vortex shedding process does exist. Therefore, the bellows flow
excitation can be described as a mutnal or coupled instability between the
bellows structure and the fluid vortex shedding process. One cannot exist
without the other.

The primary cindition which must be satisfied for this coupling to
occur is that the bellows structural frequency and the ideal vortex shedding
frequency be equal, or about equal within certain limits. This limit of
rortex-etructure coupling can be called a "lock-in' range, and as shown in

"Figures 3 and 4, it can exist over a rather broad velocity range.

I1.4 Prediction of Flow-Excitation Lock-In Rarig_g

The purpose of this section is to discuss how the occurrence of
the vortex shedding and bellows structure coupling can be predicted.
Basically, this involves calculating the ideal vortex shedding frequency
and e bellows vibration mode frequenmes, and then compavring the two.

Also, some allowance must be. made:for the fact that a "lock-in" range exists.
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Vortex Shedding Frequency

For a given bellows, having some particular convolution geometry
and structural mode frequencies, there are certain optimum fluid velocities
which result in a maximum amplitude bellows excitation of each mode (see
again Figure 3). It is at these velocities that the vortex shedding process
is best able to feed energy from the fluid stream into the vibration process.
In other words, the vibration frequency and fluid velocity condjtions are
"optimum' from a vortex shedding standpoint. It has been found that the
use of a Strouhal number is an excellent means of correlating the vibration
frequency, fluid velocity and geometry under these optimum conditions, as
is true for any vibration phenomena involving vortex shedding.

In general: terms, a Strouhal number is a dimensionless quality of
the form

S = f g/V (1)

where f is a frequency, £ is a length quantity, and V a fluid velocity.

For the case of bellows flow-induced vibrations, the only problem in using \
this correlation parameter is in selecting a satisfactory length quantity.
Referring back to the discussion of the vortex formation and shedding process
illustrated in Figures 8 and 9, it would seem that two length quantities may
be primarily involved; these are the convolution pitch and the convolution tip
width ¢ . While neither of these quantities has been found entirely
satisfactory, that is neither gives a precisely constant value of S for all
conditions, we have choscn to use ¢ in making Strouhal number calculations.

Figures 10 and 11 show example data oi the Strouhal number calcu-
lated at the optimum flow excitation condition for two different bellows.
The pitch of these bellows were changed by stretching and compressing them
from their original configuration. Strouhal number values based on both
the tip width o and the pitch \ have been plotted. Note how neither of
the two dimensionless numbers is constant as pitch changes. Based on a
composite of all test data, a single curve of Strouhal number (based on tip
width ¢ ) as a function of the ratio of pitch to tip width ( Mo ) has been
prepared and is believed valid for a general case. This curve is shown in
Figure 12; also shown are dotted curves defining the limits of the lock-in
range. Using this data, it is possible to calculate the flvid velocity V at
which a given bellows longitudinal vibration mode (defined by a frequency
value) will most likely be excited and, also, to estimate the total lock-in
range of a given mode. To make this calculation it is necessary to know

17 ; " 't
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three quantities; namely, the pitch A , the convolution tip width ¢ and
the mode frequency f,,. The value of this critical velocity is, then

£
v = im9 (2)
5(J'

where S; is obtained from Figure 12.

Bellows Structural Frequencies

In order to calculate the fluid velocity range(s) over which bellows
excitation will occur by the procedure described in the foregoing section,
it is necessary to know the frequencies of all bellows modes which may be
flow excited. Therefore, some method must be used to calculate these
frequencies. A method, based on an analogous mechanical model, has
been developed and will be discussed below. Because the structural
bellows modes cannot be considered independent of fluid loading, this
influence is dizcussed also.

It has been determined from experiments that three different kinds
of structural modes can be flow excited, these are; axisymmetric longi-
tudinal or accordiar modes, longitudinal antisymmetric or cocking modes,
and local convolution bending modes. These different kinds of bellows
modes are illustrated in Figure 13. The longitudinal modes (both sym-
metric and antisymmetric) involve vibrations where there is longitudinal
motion of the roots and/or crowns of the convolutions. The higher order
local bending modes will invclve no iongitudinal motion of rocts and crowns,
only local flexural distortion of the convolutions. In our experiments, we
have observed only one type of higher order bending mode; it is the one
shown in Figure 13 and again in-Figure 14. It is doubtful that rnany, if any,
other bigher order bending modes can couple with vortex shedding to pro-
duce a bellows flow-induced vibration; this has not been confirmed experi~
mentally, For the purposes of this report, we will assume that the higher
ordzr bending mode illustrated in Figure 14 is the h;gﬁggf—\—ﬂhich can be
excited by vortex shedding. The reader should keep in mind, however, that
this does not rule out the possibility of other higher order local convolution
bending modes being excited. "

During the course of the present study, the mechanical model
shown in Figure 2 has been found tc yield adequate predictions of the longi-
tudinal symmetric mode frequencies of a free bellows, if the overall spring
rate is accurately known. The lmodel consists of (2N_.-1) elemental masses
m and 2N elernental springs Kk connected alternately in series, giving

21
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_ where (see Figure 2)

an N = 2N_-1 degree-of-freedom system; N is the number of bellows
convolutions. Each elemental mass represents cne-half of the mass of
metal contained in each bellows convolution plus some fluid added mass,
and k represents the spring rate of one-half of a convolution. A
tabulation of dimensionless frequencies obtained for this model up to

25 degrees of freedom is shown in Table I; the normalizing frequency is

) .._L./‘_l.(_.) 1/2
fo = 2m \m

For use in the mechanical model, the values of the elemental

_spring rate k and the elemental metal mass m,, may be estimated by

the following procedure. The value of k is defined in terms of the
overall belilows spring rate KA as

k = 2N .Kp (3)
where K, is known either from a spring rate test or from some analytical
calculation.* The value of the elemental metal mass m,, is equal to

one-half of the mass of one complete convolution and may be satisfactorily
approximated by the expressicn

m =mp t Np Dm['na-l-(h-Za)] C(4)

= mass density of bellews metal

P
t =  thickness per ply of metal
Np "~ = number of bellows p}ys
D = mean diarnetér of belldwg convolution. Drnz(Di+Do)/2.

T a =  mean radius of convolutio; {
h = convolute height

The frequencies obtained using the information given above are
for the symmetric longitudinal modes only, An analysis has been made to
determine. the cocking mode freogquencies and the results show that these

3
¥

Appendix B gives a review of existing bellows spring rate information.
In general, it has been found that expenmentally obtained spring rate
data is the most sat1sfa.ctory.
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new modes are always within the frequency limits of the symmetric
Jongitudinal modes. Therefore, a calculation of the range of symmetric
longitudinal modes can be considered to include any cocking modes which
may occur. Cocking modes have been observed only for bellows with
quite deep convolutions, and will probably not occur in most instances.

The higher order local bending mode shown in Figure 14 may be
modeled with the mechanical analog shown in the same figure.

Fluid Loadit}g Effects

The previous discussion concerning calculation of structural
bellows mode frequencies made no mention of possible fluid loading
effects. The presence of the fluid can, however, cause some changes
in the structural frequencies and even add more degrees of freedom to
the system (increase the number of possible modes).

When a bellows is being excited by a flowing fluid, two basic
classes of forces are present; namely, active forces which are vortex
shedding derived, and passive fluid forces which are present regardless
of the excitation source. For the idealized case of an incompressible
fluid, only two types of passive fluid forces are possible and these givs
rise to an added-mass and damping influence; they result because the
fluid must be moved in and out from between the convolutions and, to
some extent, back and forth longitudinally as the bellows vibrates. If -
only added-mass and damping effects are introduced, the number of
degrees of freedom of the bellows (that is, the number of possible vibra-
tion modes) does not necessarily change. One exception to this are in-phase
and out-of-pbase flex hose modes to be diccussed later.

For a compressible fluid, the complexity of the situation is greatly
increased, because the bellows' vibrations may couple with various system
acoustic modes. Generally, this increases the number of degrees of
freedom, or the number of possible vibration modes of the bellows. This
phenomena is illustrated in Figure 15 which shows the response character-
istic of a single convolution test model as influenced by an acoustic loading
effect. One curve in this i‘igu:e shows the frequency response amplitude
of the test convolute where no significant ducting longitudinal acoustic
resonance occurred; the response is clean, and has a single peak at the
expected frequency of 600 cps. The mechanical analog for the convolute
with no acoustic effect is also shown in Figure 15; additional mass and
damping have been added to simulate these fluid loading effects, The other

I

26

foomes

—

I

e ow - CL
[ [ —y —

oot e

& o



[ S

e a8 2 5 A T

= =

PR

o —
e st

——
U et i

J—

O No acoustic effect-simple mass loading and
fluid damping equivalent mechanical
model below

k k
%—w M+ ﬁ
f

O Significant acoustic effect - one possible
mechanical model below
kl m'
k k
3
=
£
£
<
o
2
&
o
2
\\
- | | ] | N o
500 550 600 - 650 700 - 750
s Frequency - cps | 2208

Figure 15, Vibration Response Of Convolution Test Model Ring Number 2 In
Water ¢ No Flow ). With And Without Ducting Acoustic Resgnance -
Ring Excited Electromagnetically
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curve in Figure 15 shows the response of the test ring where the effect
of a duct acoustic resonance was significant. Note that two distinct
resonant frequencies are present. In this case, a description of the
convolute dynamics must include the line acoustic loading effect., While
the system was ordinarily considered representable by a single-degree-
of-freedom second order system, it must now be considered as at least
a two-degree-of-freedom system; a possible mechanical analog is shown
in Figure 15,

For the present, only incompressible fluid loading effects will
be considered in regaid to coupled bellows-fluid mode frequency calcu-
lations. Further, because the fluid damping is small enough to give a
very small change in the system resonant frequencies, it will be dis-
regarded in all frequency calculations. Later, however, damping will

" be shcwn to be of great importance in calculating bellows flow-inGuced

stress levels,

For the first few modes of a free bellows (more precisely, where
the mode number N is small with respect to the number of convolutions
N¢), it has been determined by comparing calculated with observed
frequencies that the fluid added mass is adequately represented by setting
it equal to the total amount of fluid trapped between adjacent convolutions;
see Figure 2, Physically this makes sense since the first few modes '
involve a gross back-and-forth motion of adjacent convolutions with the
trapped fluid carried along with the convolutions, This means, then, that
each elemental mass of the mechanical model must include one-~half of
the mass of fluid trapped between two adjacent convolutions, or approximately

™ ‘; '
mg = ‘2' Pg Db (Za-th‘E‘) (5)
with, now, the elemental model mass becom:@ng
i\

m = mg +my, | (6)

where the value of m,, is the metal mass discussed previousiy, In

Equation (5), pPg is the fluid mass density; other symbols were defined

previously.
For the higher modes of a free bellows, it is not adequate to
coasider the fluid added mass as being simply that amount of fluid trapped
between convolutions. The fluid behavior for the higher modes is rather

)
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more of a '""squeezing in-and-nut" from between the convolutions type of
motion. This acceleration of the fluid out of and back into the convolutions
results in alternating pressure forces which may be interpreted as an
added-mass effect with respert to the bellows vibrations. In Appendix C
this added mass is analytically estimated to be

mg = T (7)

where 6 is the gap width between adjacent convolutions as shown in

Figure 2.

¢

Comparison of Calculated and Observed Frequencies

Comparison of observed and calculated frequencies for several
different free bellows specimens has verified the validity of the free bellows
frequency calculation model described in the foregoing. If the spring rate
of a given bellows is accurately known from a force-deflection test, the
calculated frequencies, where the fluid added mass is small, are surpris-
ingly accurate; generally the error is no geeater than 10 percent and often
no more than 5 percent compared with experimental values. When the
fluid added mass is of the same order of magnitude as the metal mass or
greater, the errors begin to increase 1n some instances, particularly where
the bellows geometry is unusual. For example, if the convolution is an
extreme "open' design, the added fluid mass is overestimated by the
zquations given previously. This is understandable since the fluid cannot
be readily "held" between the convolutions as they vibrate back and forth,

Table II gives examples of experimental and calculated frequencies
for many different cases. In most instances the accuracy obtained from
using the mechanical model described above is completely adequate. More
sophisticated computational methods could well be employed, however,
because of uncertainties in various bellows dimensional data when comparing
"blueprint!" information and real bellows dimensions, very little, if any,
additional accuracy can be achieved. The largest source of error in using
the mechanical model for calculating frequencies, is an inaccurate knowledge
of the bellows spring rate; see Appendix B.

Flex Hose Modes

The difference between the convolution vibrations of a flexible
hose and a free bellows is that the allowed modes are limited by the wire
braid covering. In most cases this covering clamps tightly around the

29



.
PR PR NSy

ARy
i

't

Bellows Intérnal Frequency (cps)

Number Media Excitation | Calculated | Experimental| Error
#101 Water Flow 504 494 2, 0%
#104 Water Flow 778 313 5. 3%
#105 Water Flow 527 515 2.3%
#106 Air @ 30 psig Shaker 790 935 15.5%
#106 Water @ 30 psig Shaker 616 700 12. 0%
#1 06. Water Flow 616 764 19.4%
#110' Water Flow 780 836 6. 7%
#112 Air @ 30 psig Shaker 635 620 2,4%
#112 Water @ 30 psig Shaker 521 461 13. 0%
#112 Methanol @ 20 psig| Shaker 541 478 13, 0%
#112 - Methanol @ 30 psig Shaker 1065 _ 914 16, 5%

{2nd Mode)

#112 Water Flow 521 521 -———
#114 Water Flow 774 754 2. %
#114 Water Flow 1512 1435 5. 4%

Note: See Appendix A for Bellows Dimensions

Calculated and

TABLE II
Experimental Frequencies

|
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bellows when the hose is pressurized, preventing longitudinal motion of
the convolution crowns. Except for special instances where not all con-
volutions crowns are in contact with the wire braid, it is believed that the
only purely structurallongitudinal mode which can exist is the one shown
in Figure 16(a). Because of fluid added~-mass effects, however, two
coupled fluid-structural longitudinal inodes appear possible, and these
are shown in Figure 16(b) and (c). Note that botl of the coupled fluid
structural modes are pussible for the single allowed structural mode.

The primary difference between the two coupled fluid-structural
modes shown in (b) and (c} of Figure 16 is the fluid mass loading involved.
For the case in Figure 16(b), the in-phase mode, the fluid-added mass

‘corresponds to a portion of fluid contained between adjacent convolutions

and may be estimated from Equation (4). This quantity of mass accounts
for the fact that fluid is accelerated back and forth with the convolutions

as they vibrate in the in-phase mode. For the out-of-phase mode, the fluid
added mass does not correspo.d to some real quantity of fluid, but is an
appareut mass which resvlt~ fiom the fluid being accelerated in and out
from between the convolu. - .5 as discussed in the foregoing for the free
bellows. This quantity of added mass may be estimated from Equation (7).

In addition to the longitudinal flex hose modes discussed above, it
is believed possible for the higher order local bending mode shown in Figure
14 to also exist.

Thus far, only one flexible hose has undergone extensive flow testing.
This particular item, a 1.5-in-id specimen, was placed in the water flow
loop and subjected to a slowly increasing internal fluid velocity while bellows
response was noted. Because the convolutions were covered oun the outside
with the wire braid, it was 1mpract1ca1 to measure convolution strain, or
even observe the convclution motion stroboscoplcally as had been done with
the free bellows. The bellows response was therefore detected indirectly
by three methods; external acoustic emission, dynamic fluid pressure down-
stream, and acceleration of the duct adjacent to the hose were observed. The
external acoustic emission technique gave the most reasonable results for
this test but, of course, gave only a qualitative indication of response.

Prior to the test, calculation of the in-phase and out-of- phase
mode frequencies gave values of 6720 cps and 3420 cps, respectively.
The measured spring rate was used in this frequency calculation. Notice
that, by coincidence, the ratio of these two frequencies is about 2 to 1.
All of the output data from each monitor was subjected to a Fourier analysis
to allow the bellows response modes to be clearly seen. In general, two



_ ' F'exible Hose With Fixity
jl U t; ~ Provided By Braid

4w . k Equivalent Mechanical
!Eé T Modei

(a) Structural Mode For Flexible Hose

Fluid Mass = 2y

2

l’“ mg = -2~ P¢ D { 22~ thp)
(b} In-Phase Mode

q Acceleration Of Fluid In And Out
Resulis In And Apparent Mass
7Tf}fDrnh
mf = 35
{c¢) Qut-of - Phase Mode

2003

Figuré 16. Summary Of Flexible Hose Longitudinal Vibration Modes
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flow~induced modes were observed, one at about 3300 cps and the
other at twice this value or 6600 cps. Fipure 17 shows a plot of
typical spectral data obtained from the external acoustic monitor to
show how these modes responded as the flow velociiy was increased.
Figure 18 shows a corresponding plot of acoustic emission level as a
function of Strouhal number.

The fact that two modes were observed in this test of a flexible
hose, very close to the calculated values for the in-phase and out-of-
phase modes, substantiates to some extent the existence of these two
types of modes. The fact that one happened to have twice the frequency
of the other was pure coincidence; they were both apparently excited
simultaneously because of the multiple-frequency content of the vortex
shedding.

Estimating Flow Excitation Range

The foregoing discussions have described how the conditions for
bellows excitation can be correlated with a Strouhal number, and, further,
how the modal frequencies of a bellows can be calculated. The purpose of
this section is to summarize how this information can be used to predict
possible bellows flow-excitation ranges.

As we have seen, z given bellows will have a number of structural
modes which may be flow excited. Thece modes may be defined in terms
of 2 number of modal frequencies denoted by

fra1s fm2s fmse- -« fmn

Here fy,] denotes the first or lowest modal frequency and £, denotes the
highest. For the case of a free bellows, f£,; will represent the first
longitudinal mode and £, ., will denoie the convolute bulging mode; the

total number of modes will depend on the number of convolutions., For a
flex hose, there are, so far as we presently know, only three possible
modes; these are the in-phase and out-of-phase longitudinal modes shown
in Figure 16, and the convolution bulging mode shown in Figure 14. Tables
IIT and IV summarize the frequency calculation procedure for free bellows

and fiex hose,

Each of the bellows modes may experience flow excitation over a
fluid velocity range defined by

fmo ; (
vV, = o 8
; So'u (8)
fmo
Vy = S (9)
af
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Step B

Step C

SteE D

Step_ E
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Consider the bellows structure representable by the
lumped mass-spring mechanical model shown in Figure 2.

Calculate the elemental spring rate value k from the

expression
k = 2N K,

where K, is the overall spring rate determined from

a method given in Appendix A or from a force-deflection test.

Calculate the elemental metal mass m,, from Equation (4) or

My, = Tt Np Dy, [m2 + (h-2a)]

Calculate the fluid added mass my, using Equation (5)

.for the first few longitudinal modes (N values) and

Equation (7) for the higher longitudinal modes; thus

my = IZ[ Ps Dmh (Za-th)} First few N values
and 3
mD L psh
myg = 36 Higher N values

Calculate the reference frequency £, from the expression

1 /k
fo 27 Vm

where
m = my, tmy
Look up proper dimensionless frequencies in Table I

(corresponding to given N, valuz) and then calculate the
trve mode frequencies by multiplying by the reference

frequency, This gives all of the longitudinal mode frequencies.

Calculate the first bending mude f.requenc’y*y from the informa-

tion in Figure 14, or
PR SN T _1_,.\/3,'1'..?
T2 Vm' T 20 Vm
where
k' = 2k
and
" | . Mty
m =m/2 = )
For the value of mf use

mg = 'anpfh3 /36

TABLE III - SUMMARY OF FREE BELLOWS FILEQUENCY

CALCULATION PROCEDURE (ASSUMED

INCOMPRESSIBLE FLUID)
36
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Step A

Step B -

SteE C

Step D

- Step F

Consider the hose convoluted structure representable
by the mass-spring model shown in Figure 16,

Calculate the elemental spring rate value k from the
expression

where Kp is the overall spring rate of one complete
convolution. The value of Ky may be determined by a
method given in Appendix A or from a force-deflection test.

Calculate the elemental metal mass m from the expressioan

| My, = TPt Ny Dy [7a + (h-2a)]

P

Calculate the in-phase mode and out-of-phase longitudinal
mode fluid masses from

mg = 1_2r_ prmh(Za-th)} in-phase mode
TrDmpfh3
myg = TTpe out-of-phase mode,

Calculate the in-phase and out-of-phase longitudinal
frequencies from

. L JE
" 2r U m

m =mm+mf

where

Calculate the first bending mode frequency from the
information in Figure 14, or

T SN A W [
T 2r Vm' T 2w m

where
k' = 2k
and
: m My, +}mf
m = 2 . 2

Foi the value of my use

TABLE IV - SUMMARY OF FLEX HOSE FREQUENCY

CALCULATION PROCEDURE
37




and the optimum or most severe excitation will occur at a velocity
.equal to ‘

fno
Vo= ;’“ (10)
o

In Equations (8) to (10), we have

fn = a‘bellows mode frequency
Sgu = upper limit Strouhal number
.‘ So! = lower limit Strouhal number see Figure 12
S0 = optimum Strouhal number
v, = velocity at lower limit of lock-in range
Va =  velocity at upper limit of lock-in range
o) = convolution tip width

Because of the lock-in range phenomena, and the closeness of successive
bellows modes, it i8 best to assume that flow excitation can occur con-
tinuously over a velocity range from the minimum velocity for the lowest
mode to the maximum velocity for the ‘highest mode. Therefore, if £,
and f, ., are the lowest and the highest mode frequencies, the extreme
posasible limit of flow excitation is defined by the limiting velocities

f 10
Ve 5 - (11)
gu
and
f .o
V= — : (12)
- Sc.i

In summary, the range of possible bellows flow excitation may be
predicted as follows:

(a) Calculate the lowest and highast bellows mode frequencies,
fm)r and £ The procedure for doing this is summarized
in

able sri"ﬁ and 1V.

{b) Calculate the limits of fluid velocity corresponding.to these
two frequencies. This is done with Equations (11) and (J2),
and with the values of the Strouhal numbers 5, and S;,
obtained from Figure 12.
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(c) Compare this flow excitation fluid velocity range with
the known operating range of the bellows. If an overlap
of these ranges exists, then excitation may occur.

A graphical method of predicting bellows excitations ranges is

. illustrated in Figure 19. This method involves preparing a plot of fre-

quency versuis fluid velocity which contains both the bellows mode
frequency intormation and the possible vortex shedding frequency limits.
The upper and lower bellows frequencies are represented by horizontal
lines on the plot (constant frequency lines), as shown in Figure 19. Also,
lines of constant slope which pass through the origin are drawn in to
represent the vortex frequency hrmts (28 a function of velocity), defined
by the expressions

Soﬁv
£, = o (13)
and
S
gu
fo= =g (14)

The range of possible flow excitation is clearly seen from this plot.

I1.5 General Discussion of Bellows Forced Vibration

All previous discussion has been directed tc the problem of determin-
ing when a bellows may be flow excited, based on a coincidence of coupled
bellows=liquid frequencies and the vortex shedding frequency. This coinci~
dence of frequencies does not guarantee that the bellows will vibrate, however,
or indicate the severity of vibration. It is desirable, therefore, to be able
to predict vibration amplitudes and correspondmg stress levels for a given
bellows and given flow conditions.

“igure 20 illustrates the finid and structural dynamics involved in
bellows flow excitation, The process of periodic vortex formation and shed-
ding causes a corresponding periodic pressure to be exerted on the convolu-
tions, The amplitude of this alternating pzessure is proportional to the
free-stream stagnation pressure (1/2 pfv ). Sc far as the bellows structure
is concerned, the effect of this alternating pressure may be considered as a

3 9 ' !
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net force applied at the tip of each convolution, as shown in Figure 20.
The amplitude of this force is assumed to be of the forrn

F = CpAp (1/2 p?) | (15)
where Cp is a vortex force coeificient (a dimensionless coefficient) and
A, is the projected convolute height area™ over which the pressure acts
(the fiuctuating pressure producing the force).

If the frequency of the vortex shedding coincides with some bellows
mode frequency, then a resonance will occur and the bellows convolutions
will experience a vibratory displacement, as illustrated in Figure 20, of
the form

X = emm——— (16)

In Equation (16), C,, is a dimencionless factor dependent on the-bellows
mode of vibration (mode factor), F is the vortex shedding force defined
in Equation (15), Kp is the bellows cverall spring rate, and Q is the
dynamic amplification factor (damping). This convolation vibratory dis-
placement x will cause a corresponding stress, and the magnitude of
this stress is dependent on the convolution geometry, as illustrated in
Figure 20.

Accepting this simple councept of bellows vibration resulting froml a
coupling with the vortex shedding, the problem of calcuiating resultant
stress levels boils down to one of requiring a forehand knowledge of the
various "factors" illustrated in Figure 20, The primary factors are: Cp,
a vortex force coefficient; C,, a vibration mode factor; Q a dynamic
amplification factor; and C4, a geometric stress factor®*, Other factors
may also be introduced to account for various unique situations. For
example, when an elbow is located upstream of a bellows, this can have

an effect and cause higher-than-normal stress levels for a given flow

% : ’ .
In earliar reports we used the convolution projected tip area as the
area over which the vortex shedding fluctuating pressures act; we have
since found that the convoluted projacted height area is more realistic.

Ak :
The stress model indicated in Figure 20 results from the analytical

form presented by Salzmann (10), and is only representative of a
“number of stress prediction methods (see Appendix B).

e,
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- Inthe above equations

Vortex Shedding From Convolutions

Vortex Force

1 2
p(ZPV)

F = CFCEA

Convolution Displacemem
l
. CmfQ

The resultant stress is
) - stress ¢

F = vortex force coefficient
E = elbow factor
Ci = vibration mode factor
Q = dynamic amplification ( damping ) -
Cs = geometric stress factor | 233)

¢
C

Figure 20. lilustration Of Stress Resulting From Vortex Force
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velocity. This can be accountec for by an '"elbow factor" Cy, as
indicated in Figure 20. If an acoustic resonance exists, this can change
the picture,also. The objective of the next several sections is to give
detailed results of studies of these various factors.

II.6 Vortex Force Coefficient - Idealized Test Model

The initial study of the nature and magnitude of the vortex shedding
force was undertaken with a special single convolution test model which
is illustrated in Figure 21. A bellows convolution is simulated in this test
model by a flexible ring which is geometrically quite similar to a convo-
lution. The ring was constructed from steel and had a coating of lead on
the flex’ble web section to provide sufficiint damping to prevent early
fatigue failure during actual testing; this happened with the first several
rings which were constructed without added damping. The test ring or
simulated convelution is clamped in a special hcucing between a pair of
exciter coils; also, a displacement probe is built into the apparatus to
allow ring vikration amplitudes o be monitored.

With this apparatus the following types of tests have been performed:
() frequency response of the ring in air with excitation provided by the
coils; {b) frecuency response of the ring in water with excitation provided
by the coils; and (c) response of the ring as a result of flow excitation wih
‘:'mtelrnal water flow. Aleo, a calibration of static force ve=sus deflection
was made for the ring. From these tests and the force-deflection calibra-
tion, several kinds of information were obtained. First, the forced vibra-
tion test in air gave essentially the ring-only natural frequency and damping
(neglecting air loading). Second, the forced vibration test in water allowed’
the water added-mass and water damping to be calculated. Finally, the
flow-induced vibration data allowed an effective vortex force coeificient to
be obtained over the lock-in range. This effective vortex coefficiant was
reduced {from the ring flow-induced vibration data in the following manner:
(a) The vibration amplitude (as a function of fluid velocity) was
converted 10 an apparent force through the use of the force-
deflection calibration. :

(b} This appavent force was converted to a true vvorte:; force
v dividing by the Q wvalue reduced from the forced vibration

test data (in water).

(c) This true force was converted to a force coefficient through
the use of Equation (15).
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Vortex coefficient data was obtained in this manner for two different
convolution geometries and the results are shown in Figure 22, Notice
the great reduction in the force coefficient as the convolution pitch is
"“"opened up''.

II.7 Vibrations of Real Bellows

Bellows Mode Factor

Having available the results of the experiments with the single
convolution test model, discussed in the previous section, the next logical
step was to use this force coefficient information, along with the equiva-
lent mechanical model concept, to predict flow-induced vibration amplitudes
of real bellows. This was done by assigning one force per mass point™, as
shown in Figure 23, and then calculating the forced amplitude of the mech-
anical model. Comparing the resultant vibration amplitudes with observed
values showed the predictions to be high by a factor about equal to the
number of convolutions involved in each 'half wavelength' of bellows
vibration, This suggested, therefore, that there wae only one effective
vortex force per mode number of the vibration., Further detailed com-~
parison of calculated and observzd vibrations of bellows confirmed this
idea. Also, reexamination of the visualized vortex shedding activity
(illustrated typically in Figure 8) and reconsideration of the pressure
forces invelved, showed how this must happen.

Figure 24 depicts the action of a bellows with several convolutions
vibrating in the fir¢t longitudinal mode. As shown, the vortex shedding
causes fluctuating pressure forces on each side of each cunvolution.,
Because of the phasing of these pressure forces, however, only one
effective vortex force exists per mode number of vibration. The first
mode has one effective force point, the second mode, two, et:. Each
of these effective forces is exerted a- the central convolution of each mode
half wavelength, or at the point{s) of maximum displacement of gach mode,

%*
By assigning one force per mass point, where each mass point

represented one-half of a convolution, it was necessary to take
each iorce equal to cne-half of the force in Equation (15).
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All forces are of the form fyy = fo sin(wt+®p)
where p depends on mode of vibration

f| fz e f3 fn
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a—émm ' m-—g«-mmé-u--Lm—LE’
L“X. L"Xg L.

Xy

Figure 23. Mechanical Model With One Force Per Mass Point-
All Forces Are Of Equal Magnitude
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Figure 24, Effective Vortex Force On Bellows Vibrating
in The First Longitudinal Mode
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Using the one-force-per-half~-wavelengih concept illustrated
in Figure 24, we can now proceed with the derivation of a value for the
mode factor C,,, which relates displacement and force during a reso-
nant condition, The following assumptions will be made:

(a) The shape of the longitudinal bellows modes ig inter-
mediate between a linear and a sinusoidal form, This
is a very good assumption as comparison of the exact
mode shapes with this approximation has shown,

(b) The maximum deflection for a given mode is equal to
the static deflection times (), the dynamic amplification
factor,

{c)  The maximum stress point for a given vibration mode
occurs at the convolution with the maximura relative
displacement; this is the end convolution for each half-wave
mode shape, in general,

7]

The first assumption noted above implies that the mode shape is of the
form illustrated in Figure 25, or over the firat quarter wavelength

x = %9' {(%‘")y + sin (‘N%X)} (17)

where x denotes the axlal ahsolute displacement of a given point along
the bellows defined by the axial position coordinate y; N is ths mode
number.

The sacond assumption given above, when coneidered in light of
the one~force-per-half-wavelength concept, implies that the maximum
absolute diaplacement x, (see Figure 25) ie

FQ
- %y T 4Nky (18)

where I is the amplitude of the vortex shedding force applied as was
illustrated in Figure 24, Again, Q is the dynamic amplification factor
and Kp 1s the overall bellows spring rate.

From the third assumption given above, the point of maximum

relative displacement Xy, for a given bellows, and a given mode of

vibration, occurs at a point where y = £/2N,. Therefore, from

9
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Equation (17),

¥o {N  fz N_
Xmr =5 Ncw-sm, 2 N, (19)

C ombining Equations (18) and (19)7yields

*mr % gNK, M. O A2 Ng | (20)

and comparison with Equation (16) shows that the "mode factor C,"
defined in Equation (16), or

CmFQ
X = BN (21)
now becomes
(N T N 22
Cm—SN N, + sin 2 N /| (22)

and refers to the maximum relative displacement point (maximum stress
point) along the bellows.

At thie stage, we ave about in a position to estimate bellows flow-
induced vibration amplitudes using Equations (15), (21) and (22), plus the
date from Figure 22, We still need, however, valies of Q, the amplifica~
tion factor. A comprehensive discussion of bellows demping and the
resultant Q values will be delayed until a later section of thia report; for
the present we will asaume the damping values are known,

Test Data for Real Bellows -

The analysis method described in the foregoing has been nsed to
correlate data from & number of flow=induced vibration tests of bellows.
Ttese tests were conducted in the following manner:

{a) Strain geges were instulled on the tips of the end convolutions
of all test bellows, ©On all bellows, one strain gage was
oriented to monitor longitudinal strain and, on a few bellows,
A gage to monitor circumferential strain wae alac installed.

"
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(b) Each test bellows was subjected to a static load test,
during which both deflection and stiain were munitored.
This allowed force-deflection and force-strain curves
to be plotted for each bellows,

(c} Ea:h bellows type was subjected to a mechanical vibration
test (to be discussed later) and the damping was determined,

(d) Each test bellows was installed in the water-ilow system,
and flow-induced stress levels were monitored as a function
of flow velocity.

(e) This data was finally correlated with the analysis described
earlier,

The following discussion describes these various ateps, and the results,
in more detail, '

A typical strain gage installation on a bellows is shown in Figure 26.
For most cases 1/32-inch gages were used, while some 1/64-inch gages
were installed on those bellows with small width convolutions, Actual
gage installation was straightforward, however, particular care was needed
in lead installation to prevent fatigue. It was found that very sinall lead
wire worked best {say about 0,005-0,010 inch) and that the best procedure
was to glue the wires down along tlie sides of the end convolution with
rubber cement. The amount of cement used was kept to a minimum to
ensure that the damping of the bellows was not significantly increased.

Following strain gage installation, each bellows was tested to .
obtain force~deflaction and strain-deflection curves. The reasons for ,
doing this were twofcld; first, it was desirable to have experimental spring
rate values to allow more accurate mode frequency calculations and, secnnd,
by having a sirain-deflection "calibraticn" along with the spring rate value,
the flow-induced strain amplitudes could be directly interpreted as vortex
shedding forces after auitable data reduction te account for the dynamic
amplification, and mode factor. By this procedure, errors inhorent in
trying to anelytically relate airain (or stress), and vibration amplitudes
and forces, were elis:inated, This allowed a more realistic judgment of
the validity of the hellows fLlow-induced vibration analysia presentsd earlier
in this report. Soms typical force-deflection and strain-deflection data
are shown in Figures 27 and 28%,

™ Appnndb& A givea dimaensional data for all benouX\\ ugad throughout the
study; refar to this appendix for data on numbered bellows in all figures.

82



4 ] x

53




Deflection {inches )

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

{ 1 1 { i {

Note:
Bellows #103 & #105 streiched to approximately
20% permanent extension before retesting.

. ( See Appendix A For Bellows Dimensional Data )

5 BB 20 2 30
Load (k)

Figure, &7, Typical Loxd - Detk gion Data For Test Bellows

$4

3

2400



PR

-

PR

. 4
e ot o e N 3

1800

1600

1400 -

1200

1009

800

Strain ( pin./in.)

600

400

[ I t |

Note :
Bellows #103 & # 105 stretched to
approximately 20% permanent
extension before retesting.

L Designates longitudinal gage
C Designates circumferential gage

\ :
( See Appendix A For Bellows Data )

|

] ]
0.02 0.04 0.06 0.08
Dafiection {inches)

Figure 28. Typical Strair - Deflection Data For Test Beltoﬂvs

\
b

0.10

12

0.14

2401



’
s oA s b

N
SRS W S R AMEATAL TMDT © 25 A A N

IR o sy R g e = %e <o

The next step in the bellows test procedure was to subject one
bellows of each particular type to mechanical vibration and thereby obtain
a forced response plot for various conditicns (various internal media,
various internal pressures, different peak strain levels, ete.}. This
mechanical vibration test procedure will be discussed in much more
detail in a later saction. The iraportant point here is te realize that
the resuit of these tests was a tabulation of Q values for each beliows
for the various test conditions.

The final step in testing each pellows was to mount it in the water
flow loop and monitor vibratory strain levels as a function of internal
iluid velocity. Figures 29, 30 and 31 illustrate typical flow-induced
strain data for three different bellows types. In Figure 29, data for
three supposedly identical iest bellows is given, however, variations
in vibration characteristics are readily evident. The main reason for
this difference in the vibration characteristics is that the iorce-deflection
and strain-deflection calibrations of these supposedly identical bellows
were quite dissimilar, also. As will be shown, however, correlation _
of the apparently dissimilar data in Figure 29 for 'identical’ bellows
using the flow-induced vibration analysis discussed earlier gives very
consistent results.

This correlation for all data was carried out in the following

manneyx:

(a) The peak flow-induced strain data, as exemplilied by
the data in Figures 29, 30 and 31, was converted to
equivalent maximum relative convolution displacement
(%,,¢) values. The equation giving this conversion is

S
X =

-1

where S is the measured peak strain and dS/dx is the
slope of the overall bellows strain-de{lection curve
(see Figure 28). :

(b)" Next, these maximum relative disp)&acement values were
used to calculate the quantity FQ from Equation (20), or

SNKA er

FQ =

{_N_ + sin (1 _N_)} (24)
Ng 2 Ng

’ Here, F is the peak vortex shedding force and Q is the

dynamic amplification factor,
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(c) From the results of the bellows damping stucy (to be
discusred in a later section) the value 0f Q was known
from the conditions of the test, therefore, the vortex
force ¥ was readily found from the results of (b) above.

- {d) Finally, the value of vortex shedding foice F was used
to calculate an effective vortex force coefficient CF from
Equation (15), or

I," R
CF = 1/20v7) (Ap) 125)

where

Ay = m(Djh+h)

Figures 32 and 33 show the result of this data reduction process
as applied to the flow-induced strain data of Figurey 29 and 31. The
independent variable in Figures 32 and 33 is the Strouhal number based
on convolution tip width. Note how much better the data fcr the supposedly
identical bellows is correlated when reduced to the form shown in Figure
32 than it was in Figure 29,

The flow-induced strain data from all test bellows was reduced to
the form shown in Figures 32 and 33. Because of differences in the con~
volution geometry, the peak Cp values varied somewhat from item to
item. In general, the greater the ratio of pitch to convolution tip width
(- Mo ), the smaller the peak Cy value. This trend was also seen in the
results of the single convolution test ;model discussed earlier, see Figure
22, Unfortunately, the bellows tests discussed above did nc ' provide the
range of convolution geometry required to adequately determine Cr. a5 a
function of geometry. Therefore, a special test procedure was developed
to allow a better study of geometry effect.

Bellows Geometry Effects

Several.tests have been performed in which the effect of bellows
convolution geométry on the vortex force was determined., This was
.accomplished in a rather unique manner by step~wise stretching and com-~
pressing the test bellows so as to alter the convolution pitch. The advantages
of this method are at least twofold; first, it allows geometry to he varied
rather independent of other property variations, and second, it results in
a hardware savings since more data can be obtained from a single test item.
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Figure 34 shows a sc¢riee of photographs of a sectioned bellows
mnounted in a stretching fixture and positioned in three different pitch
configurations. Figure 35 gives flow~induced strain data taken from a
bellows identical to the one shown in Figure 34, The data represents the
observed peak flow-induced strain for each pitch setting. Figure 35 also
shows this same data reduced to the vortex force coefficient form. Notice
that the force coefficient generally decreases as the pitch increased; this
trend is in agreement with the single convolution test model results (see
Section II.6) and othe\x\ bellows tests. Also, however, Figure 35 shows an

obvious trend of "optimum!" pitch values which produce minimum local C
values. This trend has been observed in several bellows tests and can

probably be explained by vortex reinforcement as noted in Figure 9. These
"Hoptimum! pitch values can be correlated with the parameter Mo and are
most pronounced for the first few modes of a free bellows. The higher modes
of a free bellows and flex hose modes don't seem to have these "optimum"
pitch values; they apparently operate in a ''vortex reinforcement condition'
for all N/g values by a natural, and slight, "tuning' of the shedding frequency.

Summary of Force Coefficient Data

In the foregoing sections; vortex shedding force coefficient data
has been presented as derived frora essentially three different kinds of
tests. First, the vesults of the idealized single convolution model tests
were given in Section II.6. These tests yielded force coefficient data for
two different convolution configuraiions; the two configurations had the
same convolute height h and the same tip width, but diffe-ent pitches.
Second, complete force coefficient data was obtained from tests of a
number of "calibrated' bellows having various convolution geometries.
Finally, a limited amount of test data was obtained by a bellows stretch-
compresgsion pitch changing scheme., Comparison of all of this force
coefficient data shows consistent results which gives credence to the
bellows flow-induced vibration model developed in the previous sections,

Figure 36 shows two different curves representative of all available
force coefficient data which we have obtained from the various sources.
One curve is for use with the first few modes of a free bellows, and reflects
the apparent vortex reinforcement trend discussed above. The other curve
is for ti/ higher longitudinal free bellows modes, flex hose modes and the
convoiute local bending mode.

This data represents, then, our state-of-the-art knowledge of vortex
shedding force coefficients for bellows., It must be emphasized that this
data can only be considered strictly valid for liquid flows through bellows of
a size not too different from those tested to date (1.5 and 2.0 inch)., We do
not anticipate that these coefficients will vary much, if any, for other size
ranges, however, the user of this data should be aware of a potential limi-
tation. Larger bellows will be tested in the very near future to extend our
knowledge of vortex force coefficients.
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II.8 Bellows Damping

An extrernely important factor, which provides a limiting condition
1 1 the amplitude of the vibrations resulting from bellows flow excitation,
is the damping of the coupled bellows-~fluid systemx, The vortex force
and mechanical model concept uiccussed earlier and illustrated in Figure 24
includes no damping so that, ideally, the vibration amplitudes wculd be
infinite. Some damping is present, howesver, in all real structures and
it serves to limit the vibration amplitvdes to finite values.

By way of review, consider tne elementary linear second-order
system shown in Figure 37, The forced response ampglitude of this system,
subject to a harmonic excitation F_ sin ¢ t, is of the form

r,/k
2(©) =T ToNZ 2 o 2) /2 (26)
()T e ()]
whezre ‘
wo = (k/m)%, g =p/2 (km)" Y2

At resonance (the frequency w; for which x(w) is a maximum, the
armplitude may be written as

FQ
xfwy) = * (27)
where
r /w">2«]2 le'wr)zg —1/2
- - b=t + -l
Q {[1 &g 4¢ \og (28)
In terms of the values of the mmechanical elements of the system in
Figure 37, Q may also be written as
' 2
1w
Q = 2t = b (29} .
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Figure 37. Linear Second - Order System
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Figure 38 illustrates a typical response curve for the system
shown in Figure 37 where the amplitude of the force F, has been
held constant, and the frequency of excitation varied. As shown, the
value of Q physically represents the ratio of the vibration amplitude
at resonance to the vibration amplitude in the limit of zero frequency.
Also, the value of Q may be expressed in the form

Q = iy (30)

where f,. is the system resonant frequency and Af is the bandwidth at
the halfpower point (0.707 times the resonant amplitude); see Figure 38,

Because the value of Q is so important in the prediction of
bellows flow-indaced vibration amplitudes, and even for proper data
reduction as discussed earlier, a large number of bellows mechanical
vibration tests were conducted from which Q values could be obtained.
Figure 39 shows the test s~t-up used for the mechanical vibration tests.
Each bellows was mounted in a special fixture which rigidly connected
the end flanges. The reason for this was to ensure that the vibration modes
excited would be the same as those observed in the flow-excitation tests.

Figures 40 and 41 show Q values obtained from the forced vibraticn
tests. In general, the following trends are noted (see also Figure 42):

(a) The bellows damping is generally most sensitive to peak
strain amplitudes, with the damping increasing as strain
increases.

(b) Single-ply bellows of different configurations, tested under
similar conditions (same strain level, same internal media,
etc.) do not necessarily have the same Q values.

(c) For one configuration of bellows, increasing the number of
plies from one to two significantly increases the damping
(reduces Q); however, going to three plies adds little more
damping, if any, over the two-ply configuration.

(d) For bellows with a liquid as the contained media, damping
may greatly increase at low absolute pressure!\s.
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Figure 40. Q Values For Single Ply Bellows
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The fact that damping increases as the strain level increases
means that the damping is a nonlinear function of amplitude and,
therefore, the linear mocdel in Figure 37 is not necessarily valid,
Valid Q values can, however, still be assigned if it is realized that
they depend on strain level, The fact that the bellows damping is non-
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linear is really nc surprise, since structural damping is often of this |
rature (see Lazan's discussion of hysteretic damping in Reference 11).

The second trend noted above is that bellows with differeni con-
figurations do not necessarily have the same Q values for similar iest
conditions. This is undoubtedly caused by a lack of a proper correlation
model for the bellows damping. In other words, if we could develop an
analytical model which allows prediction of damping in terms of convo-
lution configuration, strain level, etc., then the damping data should
"correlate'. Such a model has not yet been developed, but efforts along
these lines will be attempted. For the present, we have no recourse but
to use the data in Figures 40 and 41 to define conservative Q values for
design and analysis purposes.

Table V and Figure 43 summarize what we consider to be a best
estimate of conservative Q values for various situations. The user of
this data is advised to always tend toward the higher Q values where a
choice must be made.

I11.9 Other Influences

In practice, it has been found that several factors, in addition to
those already discussed, can have an influence on the magnitude and
character of bellows flow-induced vibrations; these factors are, (a)

presence of an upstream elbow, (b) angulation of the bellows, (c) non-rigidly

attached piping, and (d) acoustic resonances of the duct system. The first
three influences are discussed briefly in this section and the subject of
"acoustic resonance effect' is treated in the following section,

" Upstream Elbow Effect

Because it had been observed that some bellows installed immediately
downstream of a duct bend were seemingly more susceptible to flow~induced

failure problems than those in straight sections, a small investigation was
undertaken to study this, One of the calibrated test bellows was placed in
the flow system, as shown in Figure 44, and located immediately down-
stream of a short-radius 90-degree elbow. Flow-induced strain ampli-

‘tudes were then monitored as a function of the mean internal fluid velocity.

The test was repeated with the same bellows in a straight run with all
other conditions kept the same.
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Specific Spring Number Internal Media Curve
Rate (see Note 1) Flies (see Note 2) - No.
all ranges 1 low pressure gases 1
over 2000 1b/in% 1 high pressure gates, light liquids i
over 2000 1 water, dense liquids 2
under 2000 1 high pressure gases, light liquids 2
under 2000 H water, dense liquids 3
over 3000 2 all 3
2000-3000 2 all pressure gases 4
under 2000 2 all pressure gases 5
2000-3000 2 all liquids 5
under 2000 2 all liquids 6
over 3000 3 all 4
2000-3000 3 all 5
under 2000 3 all pressure gases 5-
under 2000 3 all liquids 6

Use of Table -

Note 1:

Note 2:

To use table, first calculate bellcws specific spring rate,
then look up application curve number corresponding to
this specific spring rate, number of plies, and internal
media.

The specific spring rate is here defined as

KaN¢

DmNp

or is the spring rate per convolute, per ply, per unit of
diameter.

S.5.R. =

Low precsure gases will be defined here ‘.,.d‘being those .
gases below 150 psia. Light liquids will be defined as
having a density, relative to water, of less than 0.2.

TABLE V

Applications Information for Use with Q Values

Data in Figure 43
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Figure 44. Experimental Setup To Determine Effect Of Upstream
Bend On Bellows Vibration
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Figure 45 shows the results of these tests. Notice that two things
have changed about the response of the bellows with the elbow present,
compared with the response with no elbow. F¥irst, the mean fluid velocity
range over which flow excitation cccurs has been shifted down by about
45 percent. Second, note that the strain level for a given mode of
vibration nas significantly increased, or that the strain amplitude at a
given fluid velocity has increased.

The explanation for the difference in bellows vibration -with, versus
without, an upstream elbow is that the velocity profile is skewed or dis-
torted because of the presence of the elbow (see Figure 45). This causes
an excessive dynamic fluid loading on the convolutions downstream of the
outer bend region ard possibly a reduced loading downstream of the inner
region; the net effect is an increased effective value of the fluid velocity
along the surface of the bellows, causing the vortex shedding to lock-in
on the bellows vibration at a lower-than-normal mean fluid velocity.,

While further tests must be performed to better quantify the
influence of an upstream elbow on bellows vibration levels, we can say
for the present that an increase in stress level by a factor of about 2 is
possible for a given mean velocity., Elbows with more generous radii
of curvature, or located further upstream, would most likely not cause
this great an increase in flow-induced sfress levels,

Non-Rigid Ducting

As might be expected, if the ducting attached to the ends of a
bellows is not rigid then the character of the flow-induced vibration can
be changed compared with the ideal case of perfectly rigid attachments.
There are apparently two ways that the bellows vibrations can be affected;
first, the modal frequencies can be changed (generally lowered), and
second, additional damping can be "added'" or energy dissipated through
the attachments.

For most cases, the modal frequencies of a bellows will not be
significantly changed because of flexible attachments, The reason for this
is that the belilows is generally so much more flexible than the attached
ducting, particularly in the longitudinal or axial direction. Apparently,
however, significant damping can be introduced by allowing duct flexi-
bility as evidenced by some of our experimental observations. While we
can't at this time report any quantitative results, the reader should take
note of these observations. Whenever a bellows is undergoing a qualifi-
cation test, our obhservations indicate that particular care should be
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exercised so that the bellows atiachments are at least as rigid as in
the actual installation. This should help ensure that the flow-induced
vibration levels attained in the qualification test are at least as great
as the actual installation.

Angulation of Bellows

At the present time, we have no quantitative information to
report concerning the effect of angulation on beilows flow-induced
vibrations. It would seem, based on the results of the upstream elbow
tests discussed above, that angulation might lead to an increase in
vibration levels because of the excess fluid loading on the outer bend
region. Also, however, angulating a bellows might cause a change in
the mode frequencies and damping. At this time, effect of angulation
must be considered unknown and we caution the reader to be conserva-
tive in dealing with this situation.

I1.10 Acoustic Resonance

In a previous section entitled "Fluid Licading Effects,' we
discussed how acoustic loading can increase the number of degrees of
freedom of a bellows system by producing coupled bellows-acoustic modes.
When this type of coupling occurs, it has been generally observed that
very significant pressure fluctuations can be propagated throughout the
fluid system. Appendix D discusses a mechanism of noise production
as a result of a vibrating bellows exciting the longitudinal acoustic duct
modes. In addition, however, acoustic resonances have been observed
to cause a significant increase in the flow-induced stress levels. This
second effect is apparently a result of the acoustic resonance flow and/or
pressure fluctuations coupling with the vortex shedding process to pro-
duce a force amplification, as will now be discussed.

In the preliminary air flow testing of one free bellows, it was
noted that the specimen showed virtually no response up to & rather high
velocity where, quite suddenly, the response became very significant.
This sudden onset of response was accompanied by very significant
acoustic radiation irom the entire flow loop, indicating that an acoustic
resonance existed in the facility. A calculation of the stress indicator
(discussed in the next section) value at the air velority where this
phenomena started, gave a value of only a few thousand psi. It was felt
that the vibration observed ‘was much more severe than it should have
been, and this was attributed to an enhancement of the vortex shedding
by the acoustic resonance. At this point it was believed to be a longi-
tudinal resonance which caused this effect.
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Following this preliminary air flow test, two different bellows
were extensively investigated in order to find out more about the
influence of acoustic resonance on the bellows response. One of these
bellows was tested using two different gases; air and Freon 12. These
two gases were selected because of the great difference in speed of
sound. Under ambient conditions, air has an isentropic speed of sound
approximafcly equal to 1100 fect per second, while the isentropic speed
of sound for Freon 12 is about 485 feet per second. Also, the Freon has
a greater density (by a factor of about 5) under the. same conditions. To
be able to assess separately the effect of density and speed of sound,
flow tests were conducted at different mean pressure levels with each
gas. Therefcre, by comparing the test results with one gas at difierent
pressures, the effect of density was determined. Figure 46 shows, for
example, acceleration level at the predominant response frequency,
(measured at the bellows flange) as a function of mean air velocity for
two different mean pressure levels. Qualitatively, the response is the
same for the two cases, and shows no significant vibration up to a critical
flow velocity, where, suddenly the bellows subsequently responds well in
various flow-induced modes of vibration as the velocity is further increased.
This critical velocity is the same for both mean pressure levels,as may be
seen in Figure 46. This onset of bellows vibration is accompanied by a
great increase in the acoustic noise level at the same predominant fre-
quencies that exist in the flange acceleration signal,

The results of the tests conducted with the Freon were qualitatively
the same as with the air; the critical flow velocity at which the bellows
suddenly began to respond was, however, much lower. In fact, the
critical flow velocity with the Freon was about half that experienced with
the air. This is just what we expected might happen, assuming the
responsible mechanism to be an acoustic resonance, since reducing
the speed of sound would cause a reduction in the frequency (hence, flow
velocity) required to give a resonant condition.

To further verify the acoustic resonance idea, the acoustic pres-
sure field inside the bellows was mapped out, with the aid of a small
microphone; the result is illustrated in Figure 47. It was determined
that we were getting excitation of coupled radial-axial acoustic modes,
with the maximum sound pressure level, in the radial direction, occurring
in the vicinity of the bellows internal diameter, while the sound pressure
level maximum, in the axial direction, is half way along the convoluted
length of the bellows. There is an acoustic pressure minimum all along
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Axis of Bellows

|

~=tnvelopes of sound
pressure level showing
radial and axial variation
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- \

Figure 47, 1llustration Of Acoustic Pressure Level Variation
With Radial And Axial Position In Bellows
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the geometric bellows axis. The acoustic field described above is
being excited by the vortex shedding from the bellows convolutions. In
turn, the acoustic resonance apparently enhances the vortex shedding,
causing 'greater-than-expected' response levels.

The reason for the sudden occurrence of this phenomena at some
critical flow velocity is as follows: At low fluid velocities, hence low
vortex frequencies, the acoustic wavelengths are too long to "fit" in
the bellows in a radial direction; therefore, the radial acoustic waves
which are generated experience pure attenuation. When a high enough
shedding frequency is achieved (hence, a high enough fluid velocity),
the wavelengths are short enough to "fit" radially, and, therefore, cause a
radial resonance condition and couple with an axial acoustic mode.

It is very important to note that this radial acoustic resonance
was observed even when the bellows was completely restrained to prevent
any possible convolution vibrations (this was done by covering the bellows
on the outside with a thick coat of epoxy). Under these conditions, the
acoustic resonance was not as strong as with the bellows free to vibrate.
Even so, accelerometer data monitored at the bellows flange showed
strong acceleration levels at the acoustic resonant frequency, plus
nurnercus harmonics. This implies that the use of an accelerometer
for bellows vibration monitoring where an acoustic resonance occurs

" can be very misleading. A comparison was made during one test of

the spectral content of convolute strain and flange acceleration, and
the results were grossly different. The reader should, therefore, be
wary of accelerometer data which is takeu where an acoustic resonance
occurs, and which shows strong response at multiples of the vortex
shedding frequency.

In conclusion, the effect of a radial acoustic resonance in bellows
leads to greatly increased flow-induced stress levels and sharp increases
in the sound level in the duct system a. the vortex shedding frequency,
and at multiples of this frequency. A rough judgment can be made as to
the likelihood of a radial, acoustic resonance occurring by comparing the
calculated acoustic wavelength with the outside diameter of the bellows.
When this calculated wavelength becomes small enough to about equal the
bellows outside diameter, then acoustic resonance may occur, and any
bellows structural modes corresponding to this frequency may be strongly
excited.
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I1.11 A.Tf,ellows Flow=~-Induced Stress

Best Model

The present '"best model" for predicting bellows flow-induced
stress levels involves calculating the maximum relative convolute
displacement by the method discussed previously in this chapter, and
then calculating a corresponding stress level from an existing stress-
deflection theory. The steps in thus calculating flow-induced stress are
summarized below:

Step A - Calculate the maximum convolute relative displacement
of one-half of a convolute from the expressicn

x = Sm¥Q | (31)
Ka
where
“m = 3N {NC Tein i NC)} (32)
and
F = Cp w (Djh +h%) (1/2pV?2) (33)

The values of Cy and Q may be found from Figures
36 and 43, respectively. The mode number N may
be determined as a function of fluid velocity by the
method outlined in Section II.4(see Tables III and IV).

Step B~ Calculate the stress corresponding to the maximum
convolute displacement x by an existing method,
such as outlined in Appendix B.

Step C - If an upstream elbow is present for the subject bellows
installation, then some upward adjustment of the calcu-
lated stress is necessary. For a severe bend immediately
upstream of a bellows, multiply the calculated stress by
2.0 to correct for the elbow. For '"less severe'' cases,
multiply by 1.5 to correct for the upstream elbow.

At this point it is well to point out the currently known limitations
and potential limitations of this model, including estimated possible errors.
The model, as discussed in this chapter, has evolved from a theory which
is supported by some empirically-obtained factors; these are the vortex
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force coefficient Cp and the amplification factor Q. Values of Cp

and Q were obtained from tests of bellpws, and a special single convolute
model, having internal diameters of 1.5 inches and 2.0 inches. Bellows
with a range of geometries were tested in these two sizes., It is evident,
therefore, that the model as it stands has only been verified for bellows
of this general size. A potential limitation, then, is in the use of the Cp
and Q values reported herein for much larger (or smaller) bellows. Also,
Cp data was only obtained with internal water flow. However, we are
confident that the Cp values thus obtained can be used for gas flow through
this general size bellows if no acoustic resonance occurs.,

Probably the greatest potential source of error in calculating flow-
induced stress for a given bellows is the value picked for the amplification
factor Q from Figure 43. As discussed previously, we have not yet
developed what we believed is a satisfactory damping correlation method
which includes the effect of all factors illustrated in Figure 42, The data
given in Figure 43 is felt to be conservative, or give "high' Q values.

Other sources of error are the occurrence of acoustic resonances
in the duct system and non-rigid ""end conditions'". Acoustical resonances
tend to amplify the vortex shedding forces, while non~rigid attached ducte
tend to reduce vibration amplitudes because of increased damping.

The sources of error and their potential effect on the calculation
procedure are sumrarized below:

{a) Vortex Force Coefficiéent Cp - The Cy values given in

Figure 36 are conservative in that they represent the upper
limit of the experimental data. Our observations show that
these Cy values are good for bellows vibrating vigorously

so that there is 'good coupling' between the vibrating bellows
and the vortex shedding. For bellows which do not vibrate
vigorously (have low stress values) these Cy values will tend
to be high; but this will result in conservative answers.

(b) Dynamic Amplification (Q) Values - The values of Q given
in Figure 43 are conservative, or at the upper limit of experi-
mental observations. For a very "stiff'' bellows, these values
should ke quite good, but for a "low spring rate'! bellows they
will tend to be high but give conservative answers,

(¢)  Acoustical Resonance (Radial and Helmholtz) - An acoustical
/ resonance of the type discussed in Section II. 10 will tend to
make the calculated stress levels very conservative. Asa
rule of thumb, we suggest that the acoustical resonance may
cause a stress amplification‘ of the order of 5.
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(d) Upstream Elbow - The presence of an upstream elbow
causes excessive flow-induced stresses for a given fluid
velocity. We don't have much quantitative data on this
effect but suggest correcting the calculated stresses
upward by as much as 2.0 to account for the elbow.

(e) Heat Transfer Effect - A potentially great influence on
bellows flow-induced stress can be caused by heat transfer
induced changes of phase or fluid state within the bellows.
This effect is currently under investigation.

Improved Stress Indicator

In Quarterly Report No. 5 (16) , we developed the preliminary
form of a quick method for estimating the dynamic flow-induced stress
level for a given bellows installation. This method consisted of calculating
a "Stress Indicator! which was a number roughly proportional to stress and
apparently valid for judging the relative severeity of bellows vibrations.
We are still convinced that the '"Stress Indicator" approach is useful and
valid. The purpose of this section is to present an "Improved Stress
Indicator' which is based on the '"best model' stress calculation proceduxe

discussed above.

The basic equations which describe flow-induced stress, as given
in Sections II.5 to I1.7, are

F =Cp Apll/2 pV?2) = CrA,Py (34)
CmFQ
- 35
R {35)
and
CSEtx (36)

Stress =

h2

The objective of the ""Stress Indicator' approach is to combine these
expressions in a simple form so as to give a single expression for stress
which contains only readily-~known bellows dimensional data, or parameters,
and flow variables. Therefore, we will assume the following:
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{a) Ap can be approximated by

A, = mDyh

(b) Cy is known from Figure 36

(c) C,, can be approximated by

1
C. & c—mom
m
4N,

(d) Kjp can be approximated by

K, = D E (N,/N_) (t/h)>
(e} Q can be found from Figure 43.
(1) The factor C; is approximately constant for all k:llows.

Based on these assumptions, Equations (34), (35), and (36) niay be combined
to give

FQ h\ 2
Stress = wCy Np \{‘/' (1/2pV%) ‘ (37)

Since C_ has been assumed constant, we can extract a quantity from
Equation (37) which is approximately proportional to flow-induced stress
for all bellows; this quantity is

caor {212 (S5
Stress Indicator = N, J\t/ (1/2pV*=) = P‘, i} Pd (38)

This expression for Stress Indicator is slighily different from that given
in Reference (16) and is closer to the real situation. To perform calcu-
lations with Equation (38), it is first necessary to find CF and Q from
Figures 36 and 43, respectively.

Bellows Fatigue Life

To supplement the Stress Indicator given in Equation. (38), we have
prepared a preliminary plot (Figure 48) for predlctmg bellows fatigue life
which gives the number of cycles to failure as a function of Stress Indicator.
The actual time to failure can be calculated by dividing the number of cycles
by the appropriate modal frequency (see Section II.4, Tables III and IV).
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Figure 48. Preliminary Beilows Fatique Life Data
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The data in Figure 48 represents a collection of all failure cases
which we have observed in the laboratory, plus some data for the ¥F-1
engine ASI line failures, and for S~IVB J-2 engine LOX feedline bellows
(with appropriate accounting of the upstream elbow). This fatigue data
must be considered preliminary because of the small number of sample
points used in its cornpilation, but should be good enough, at the very
least, to help judge relative severity of various bellows installations.
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11I. BELLOWS LINER DESIGN AND EXTERNAL
DAMPING DEVICES

I11.1 Cone Liners for Reduction of Vibrations

A limited study of cons-shaped linevs was made with the specific
purpose of determining how much of the bellows must be covered by the
liner to effectively stop flow~induced vibrations. The liners being con-
sidered here are simple, truncated, hollow cones formed from thin sheet
metal which are mounted at the entrance of a bellows and extend into the
bellow:s itself. The rone shape allows angular movement of the bellows but
also produces a constriction, and a resulting pressure drop, which is
discussed in the next section.

An initial aspect of the liner study was to determine the nature
of the velocity profiles downstream of the liner; this, it was hoped, would
provide scme insight into how far the liner should extend into the bellows
to prevent vibration. Pitot tube traverses were run downstream of con-
vergent inserts mounted in a 2-inch ID duct to determine the shape of a
fluid jet as it emerges from the end of a cone liner. The resultant
velocity profiles are shown in Figure 49 where the velocity downstream
has been normalized by the velocity at the center of the cone exit.

The influence of the cone angle was not very pronounced, but there
was a vena-contracta present with the 300 cone which was not present with
the 10° or 20° cones. This was quite noticeable from the Pitot differential
pressure which represents the square of velocity. However, the actual
center velocity at the vena-contracta was only about 3% greater than at
the cone outlet. Comparison of the flow profiles at station #6 with and
without the inserts shows that the flow is noticeably affected as far as 5 or
6 outlet diameters away from the insert. This would indicate that a con-
siderable part ofa bellows could be left uncovered when a cone-~shaped
liner is used.

In order to determine the extent to which this information .could be
applied to an actual situation, two -1/2-inch ID bellows of different convolution
geometries (#110 and #112)* were flow tested with water using a movable
liner that could be positioned at any axial location within the bellows. Since 9

See Appendix A for a list of dimensional data on all test bellows.
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the effect of cone angle on the flow pattern was rather small, only one
liner configuration was tested. The liner had an outlet diameter of
1-1/4", 2 length of 11/16", and a.10° included angle. The fluid velocity
was varied from 0 to 70 ft/sec based on bellows diameter and maximum
dynamic strain was recorded for several liner positions. The results
are shown in Figure 50,

Even with the liner completely withdrawn from the bellows, the
strain level was reduced from that of an unlined bellows; this resull is
in agreement with the velocity profile observations. However, all modal
vibrations were not stopped until the liner covered all but one or two
convolution roots. The modes which were present did not occur in order.
In some cases the first mode was present at two different flow rates while
the second mode was completely absent over the entire flow range.

Operating the bellows at an angle did not significantly affect the
dynamic strain readings for these particular bellows-lirer arrangements.
There probably are cases where the effects of angulation are significant.

The effectiveness of a cone liner or the effect of angulation would
be difficult to predict analytically due to the highly turbulent expansion
which takes place at the liner exit. The tests which have been performed
can serve as a guide, but more testing of different types of bellows is
required before reliable empirical design is possible. At thisz time, how-
ever, we offer the following design guidelines:

(1) If the bellows failure problem without a liner is severe,
then the liner should cover most if not all of the active
convolutions. If pressure loss is a problem, the liner
might be reduced 7 « length somewhat, possibly allowing
some bellows vibration, Testing should be performed to
verify the design; preferably, a 'before and after' test
should be conducted with one or more bellows.

(2) If the bellows vibrations are not too severe without the
liner then a very short liner extending over, say, about
oue-fourth of the convoluted length should offer substantial
reduction in vibration levels. Again, the design should be
verified with testing, ‘

{3) On any liner design, an important consideration is weight
which means the liner thickness, as well as length, should
be minimized, Any proposed design should be subjected to
a buckling analysis to assure that it will not collapse as a
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Figure 50. Maximum Dynamic Strain For Fluid Velocities From
0- 70 ft/sec ( Water - 75°F )
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result of the differential pressure. Also, the designer should

be aware of potential "splitting! problems caused by turbu-
lent flow excitation of tne liner. High dynamic pressure
situations should he approached with care.

1I1.2 Pressure Loss of Cone lLiiners

An important point for consideration in regard to a proposed
liner design is that the pressure loss be acceptable. It has been demon-
strated that a liner can, in fact, increase the pressure drop compared
with the bare bellows. The purpose of the following discussion is to
demonstrate a simple procedure for estimating liner pressure drop
characteristics.

Usually, a typical liner can be considered, from a fluid mechanics
point of view, to consist of a contracting section followed by an expansion
or, in some cases, an expansion followed by a contraction or, possibly
even a series of expansions and contractions depending on the specific
configuration. Assuming this to be true, then using information available
in the literature for losses resulting from expansions and contractions,
the liner overall pressure loss can be estimated. Figure 51 gives all of
the information needed for estimating these losses. Note that for either
a contraction or expansion, the pressure drop is characterized by

Kp 2

Ap =" Vi%[1-(;/D,%)°

B o 2 112
=72 V2o [(Da/Dy)"-1]

where K is a loss factor defined in terms of the geometry of the duct as
shown in Figure 51.

This prediction procedure has been checked experirnentally for the
liner illustrated in Figure 52 which is a conical configuration typical of a
currently used design. ‘

For a zero deflection angle, the pressure loss for this case will
be the collective result of, first, the contraction in the cone section and,

second, the uncontrolled expansion when the fluid exits the cone. The
pressure drop will therefore be given by

Ap = % (K¢ + Kp) [(Dz/Dl)z-l]Z VZ'Z
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Figure 51. Flow Loss Factors For Contractions And Expansions
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Figure 52. Cbmparison Of Pressure l.oss For Bare Bellows Ana
Bellows With Cune Liner
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From Figure 51, the value of K, for this cone geometry is about 0.35.
The value of Ky for an uncontrolled expansion is 1.0, thus

2

£ 2 2 2
Ap =7 (1.35) [(1.22)4-1]“ V," = (0,324) (1/2pV,°)

Figure 52 shows pressure drop as a function of mean flow velocity predicted
by the above equation, and also the pressure drop obtained experimentally
for this same conical liner configuration. Figure 52 alz> shows the experi-
mentally obtained pressure loss for the bare bellows (no liner) used for

the tests. In this case, the liner is responsible for an increase in pressure
loss.

II1.3 External Damping Devices

Jne possible means of reducing the stresses in a bellows resulting
from internal flow is to add damping to the bellows structnre. The attrac-
tive feature of this method of reducing stress is that it allows the designer
to rossibly "fix" a bellows which has demonstrated some fatigue tendencies,
but is otherwise satisfactory. Our work to date in this area has been
strictly exploratory; several external damping ideas have been tried
with two basic objectives, (1) to find out in a quantitative fashion how
much the damping can be increased under ideal conditions, and (2) to
compare the relative increase in damping for several devices or ideas,
Three types of external damping ideas have been tried thus far; these are:

(1) Filling the convolutions with some damping material,
usually a viscoelastic material, such as RTV rubber,
3M strip-caulk (a putty-like material), and a polystvrene

foam.

(2) Placing a metal spring or rubber "O" ring in each
convolution.

{3) Wrapping the exterior of the bellows with screen wire.

Figure 53 shows a photograph of several bellows with various
external damping devices added. Flow tests have been run on several of
these '"damped" bellows to explore very briefly their possibilities. Figures
54 and 55 show some of the test results. In Figure 54, a comparison is
shown between an undamped bellows and the same bellows with two types
of dampers; the external screen and the neoprene "O!" rings. In general,
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both devices provided considerable damping; however, the "O" ring
dampers allowed some resonance effect at about 60 it/sec flow velocity,
whereas the external screen did not. Figure 55 shows a comparison of
an undamped bellows and two others with damping devices; one of the
damped beliows had 3M strip-caulk packed in the convolutions and the
other had coil springs wound arcund the outside of zach convolution.
The two damped bellcws exhibited about the same vibration character-
istics, as may be seen from Figure 5, anc both reduced the vibration
level by a considerable emount (about 2 orders of magnitude near the
resonant points).

In general, we believe that these exploratory tests have demon-
strated that it is, indeed, possible to add considerable daraping to a bellows
by uze of some external device. A word of caution must be added here,
however, because our tests were only conducted on free bellows and for
conditions where the first few modes could be excited. For a flexible
hose or the higher modes of a free bellows, it is not known what kind of
device will be required. Of course, some of the devices which were
t.ied would obviously not work for a flexible hose.

Arnother point which the reader will undoubtedly note is that some
of the damping devices which were tried are absolutely not practical for
c.ie reason or another; for example, the external .creen, as shown,
would nct allow a free bellows to flex; a variation of this idea will, how-
ever. Also, necprene, the strip-caulk, and the polystyrene foam will
not work at cryogenic temperatures. As mentioned previously, one
objective of these tests was to find out how much damping can be intro-
duced under ideal conditions, and this ie why some impractical devices
were tried. The important po.nt of the resylts is that considerable |
damping can be added; the problem now is to discover practical devices.

111.4 Summary of Bellows Vibration Suppression

We have demonstirated in this chapter that both cone liners and
external damping devices are eifective in suppreséing bellows flow-
induced vibrations. PBoth tynes ¢of devices have been used in the past by
bellows manufacturers for this very purpose. Scme points are important
to reemphasize abcut the use of these devices: .

(1) Comne liners can cause a significant increase in the
pressure drop across the bellows,

(2) Cone liners can experience both buckling failures,

because of the large differential pressure, and fatigue
failures because of turbulence-induced vibrations.
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External damping devices can be as effective as a cone
liner without causing an increase in pressure loss.

Care must be exercised in the application of external
damping devices to ensure that the damping is actually

increased.
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IV. BELLOWS AND ELBOW PRESSURE LOSS

1IV.1 Description of Pressure Loss Mechanism

As described in Section II.3, the general behavior of the fluid
through a bellows involves a generation of vortices in the convolutions.
In the absence of vibrations, the vortex motion inside each convolute
is steady as was shown in Figure 6. With flow-induced vibrations,
toroidal vortices are periodically shed out of the bellows convolutes as
shown in Figure 9.

Regardless of whether or not there is flow-induced vibration, the
generation of vortices in the convolutes causes an extraordinarily high
steady flow pressure loss compared with an equivalent length of smooth
tubing. Figure 56 shows a typical plot of the friction factor f as
compared with friction factors for flow through tubes. Recall that the
friction factor is proportional to the pressure drop in a one-diamecter
length of tubing (or bellows), and is related to the pressure loss and
fluid conditions by the equation

Ap = (fL/D) (i/2 pV?)

Note from Figure 56 that the bellows friction factor increases
drastically as the Reynclds number is increased over the range from
about 104 to 106. This trend is contradictory to the cbserved behavior
of the friction factor for turbulent flow in a pipe, which shows that £
decreases as Reynolds number increases, It is sur present belief that
the cause for this peculiar behavior can be explained by the presence of
the vortices in the convolutes, and the fact that these vortices will trans-
ition from a laminar to a turbulent condition at a higher Reynolds number
than does the main stream flow. We are planning to explore this idea with
a simple analysis in the near future,

IV.2 Cormpiled Bellows Pressure Loss Data and Some Test Results

All pressure loss data for bellows and flex hose which was available
in the open literature, or from unrestricted company repcrts, has been
compiled; this data was presented in Quarterly keport No. 1 (Reference 14).
This compiled data inciuded two different correlation methods giving the
friction factor f in terms of bellows geometry and Reynolds number; these
two correlation methods are illustrated in Figures 57 and 58. Each of
these correlations gives £, as a function of Reynolds number, in terms of
a one-parameter family of curves. The parameter used in the Daniels
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Method for Predicting Frictional Loss in Metal Bellows and Flexible Hose
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. ) Reynolds Number
D = Bellows inside aiameter in inches

Figure 57. Bellows Friction Factor Correlation From Reference[ 12 ]
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and Cleveland correlation (Figure 57 and Reference 12) is the ratio

of convolute height to bellows internal diameter, The parameter used
in the Riley correlation (Figure 58 and Reference 13) is the ratio of
convolute pitch to internal diameter., Both correlations can only be
valid at the same time for a series of bellows having convolutions with
exactly similar geometry; i.e., il.e ratio of convolute height to pitch,
etc., remains constant for all bellows of the series. Therefore, one
or both cannot be completely valid for all bellows, in general.

To get a better insight into bellows pressure loss as a function of
geometry, and to attempt to clear up the discrepancy of correlation
methods noted above, a series of experiments were conducted with some
selected bellows, and with a special convoluted test model. The special
test model, described in Quarterly Report No, 2 (Reference 15), had
provision for changing the convolution geometry so that the effect of
geometry on pressure loss could be determined in a controlled manner.
Figure 59 shows some pressure drop data obtained with this model.
Figure 60 shows friction factor data reduced from the pressure drop
data of Figure £9, All of the data in Figures 59 and 60, except one case,
were for simulated convolutions with identical depths (or heights), Com-=-
parison of the data for this condition (curves 1, 2, 3 and 4) show a distinct
variation in the friction factor. This data tends to invalidate the correla-
tion given in Figure 57 since it shows a variation in f for constant values
of h /Di (the ratio of convolute depth to internal diameter). Similarly, a
comparison of curves 1 and 2 in Figure 60 shows some variation in { for
bellows having the same value of )‘/Di (the ratio of pitch to internal
diameter), This tends to invalidate the correlation given in Figure 58,
Thus, we can conclude that neither of the correlations given in Figures 57 -
and 58 is entirely or generally valid. Further detailed evaluation of these
two correlation methods has been performed by comparison with more of
our experimental data and that of other investigators. We have concluded
that:

(1) The friction factor { is almost entirely independent
of h/D; (the ratio of convolute height to internal
diameter); therefore, the correlation given by Daniels
and Cleveland (Figure 57 and Reference 12) has no
meaning for bellows of general geometry and is invalid,

(2) The correlation given by Riley (Figure 58 and Reference 13)
is roughly valid for all bellows. However, the Riley-type
correlation could be improved by making it a threve-
parameter correlation, with the three parameters being

A/D;, M/o and the fluid density.
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We recommend that the Riley correlation be used for pressure
loss estimate purposes with the user aware of the fact that this method
generally overpredicis pressure loss for liquids and underpredicts for
gases., Also, the Riley correlation tends to overpredict for bellows
with '"open'' convolution designs ( M/o > 2.0), and underpredicts for
bellows with '"closed''convolution designs ( \/o < 2.0).

In very general and rough terms, the trends of "good!'" and 'bad"
convolutions configurations are illustrated in Figure 61. It is interesting
to note that the '"bad" designs correspond to those geometries which exhibit
the more severe flow-induced vibration tendencies.

IV.3 Low Pressure Loss Bellows Conﬁgl_;rations

As discussed in Chapter III, a conical liner can be effective in
suppressing flow-induced vibrations but can lead to a significant increase
in the pressure loss if the required contraction is too great. For bellows
not required to angulate, a cone liner can reduce the pressure loss if it
is properiy designed. Therefore, new ways were sought to reduce losses
which might be useful for bellows required to angulate.

Several specific configurations have reen tested. A sketch of one
configuration is shown in Figure 62. This design employs a rigid skirt,
but not one of conventional design. Rather than neck down the skirt or
liner section, the convyluted section is made slightly larger (on the order
of 10%) and the skirt is kept the same diameter as the duct. The ratio of
skirt diameter to bellows diameter is, of course, dictated by angulation
requirements. Just downstrear of the bellows a converging section
guides the fluid into the downstrearn duct. Figure 63 shows pressure loss
as a function of flow rate for this new design as well as for a conventional
skirt design, and unskirted bellows and a smooth wall section of tubing.
Notice that the conventional cone liner model coupling has roughly twice
the pressure drop of the unskirted bellows while the new configuration had
about one-half the pressure loss of the bare bellows.

Another type of liner which appears to have merit is a screen or
wire cloth liner. Because of its flexibility, a cylinder of wire cloth can
be fitted directly against the inside of the bellows, allowing some angulation.
One test has been performed with this type of liner and the results are
shown in Figure 8. Note that a small increase in pressure loss was realized
over a bare bellows. It is anticipated that use of a finer mesh wire cloth
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(a) Unfavorable Geometries ¢ Large Losses )
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(b) Favorable Geometries ( Small Losses )

654

Figure $1. Sketch Of Bellows Convolutions Giving Unfavorable And
Favorable Pressure Loss Characteristics
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Figure 63. Pressure Loss Comparison Of Several Skirted
Beflows Configurations
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than used in this first test will resalt in an actual pressure loss reduction,

Possibly of most value, however, is the fact that this type of liner suppresscs

ttoy~-induced vibrations; this fact has been verified by testing. Although we
-xperienced no problems in the laboratory, the reader will likely realize
that there are potential problems with a wire cloth liner, should il break
loose and be carried downstream in the duct system, Attemptls lo use this
concept should be thoroughly verified with iesting.

Two other types of liners were tried, also; a longitudinal wire
screen leaf type, and a spiral wound type using either wire screen or
metal shim for the liner material, Figures 64 and 65 show examples of
the two types, In genceral, all liners suppressed flow induced bellows
vibrations, For example, peak flow induced dynamic stress over the test
flow range, in coupling PN 08046 wag less than 150 psi with a longitudinal
leaf screen liner compared with about 10, 000 psi with no liner,

The pressure loss characteristics of the various liner types were
quite different, The spiral wound metal shim liner (Figure 66) cxhibited
the best pressure loss characteristics but still needs some development
work, ‘The problem with the spiral wound metal shim liser was that for
large bend angles the winding tended to be displaced too far axially, causing
separation between adjacent windings. I this problem can be cured, this
type of liner has good possibilities, The spiral wound screen liner (test

ta not shown) had higher pressure loss than the metal shim liner.
Figurce 67 shows test results for the longitudinal leaf screen liner, In
general, the pressure loss characteristics at high flow rate are betier than
the unlined bhellows for the straight bellows case, For large bend angles,
however, the longitudinal leaf screcwn liner had slightly higher pressure
loss than the unlined bellows at the same angle,

IV.4 Low Pressure Loss Duct Bend

Introdu. tion

Duct clbows are known to have a large pressure loss relative to
the normal friction loss in straight duct sections, The reason for these
Jarge losses can be attributed to =econdary flows causcd by centrifugal
forces and centriiugal force gradients acting on the fluid particles in the
Lend,

Two experimental ell,ows have been constructed and tested m
order to evaluate a new method of reducing présgure logscs and improv-
ing velovity profiles in bends, Both ¢lbows were built with square entrance
and exit scections Lo simplify construction, and were identical in cvery
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Figure 66, Pressure Loss Characteristics Of Spiral Wound Metal Shim Liner
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respect, except that the cross-sectional shapes were different in

the bend region. One elbow was conventional in design and had a
uniform square cross section, Figure 68 illustrates the new duct
design. Note that this new design has an increased.area on the inside
of the bend but a decreased area on the outside of the bend; the reason
for this shape will be discussed below. It was found from testing that
the new design had roughly 40 percent less pressure loss than the
conventional design. It is anticipated that a greater reduction in loss
could be achieved with more detailed changes in the cross sectional
shape.

Low l.osa Bend Concept

Consider Figure 69, which illustrates the flow of an ideal (no
viscosity) fluid through a bend. The predicted velocity profiles
immediately upstream and downstream of the bend are uniform.
Typical profiles for a real fluid flowing through a bend are shown in
Figure 69. Here, because of the centrifugal force gradient which
exiats at the start of the turn, the high energy fluid tends to migrate
to the outside of the elbow while the low energy fluid goes to the inside
of the elbow; auch a fluid migration congtitutes a secondary flow. This
mixing plus the mixing which occurs downstream as the fluid develops
a normal velocity prefile in the downstream duct causes a pressure loss
which is nominally about an order of magnitude greater than the normal
friction or viscous losses in a straight duct,

If on could, by some means, effectively reducs the driving force
for thie secondary flow without reducing the mean fluild velocity in the
channel, then the overall elbow pressure loaa could be reduced, To
accomplish this reduction in secondary flow it would be necesgsary to
decelerate the fluid neax the suction wall and accelerate the fluid near
the pressure, or outer, wall, Once this were accomplished, there
should be two vesults: First, the averall pressure aifferential across
the bend should be decreased and, consequently, low energy fluid migra-
tion to the inner wall reduced. Secondly, the centrifugal force gradient
should be reduced so that the migration of high energy fluid to the outer
wall is suppressed, -

The manner in which the duct crosa-zectional shape snould be
changod to bring about thuss local accelarations and decelerations of the
fluld can be eatimated analytically, ‘
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Figure 68. lllustration Of New Elbow Design
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Neglecting viscous effects, the velocity profile at the start of a
bend will tend to be of the form (see Figure 69a)

where

Here, v(r) is the local fluid velocity as a function of radius r measured
from che center of curvature of the bend, ry is the outer wall radius,
r) the inner wall radius and V the mean fluid velocity in the duct.

To suppress the secondary fiows it has already been argued that
the centrifugal force gradient should be made equal to zero {constant
centrifugal force acress the bend); this means that the corrected duct
local velocity v'(r) should be of the form

LYIRY.
v (r) = k
" 2

where k2 1is a constant. Therefore, the bend duct height must be
corrected so that the local velocity in the bend tends to a value
v'(r) = (kpn)®®

v!r[{ k1

v'(r) = C(r) = rC(r)

The quantity C{r) is a duct correction factor ard has a value equal to

Clr) = kykp ™0 % p=1+3

To define kz , we will arbitrarily spcify that the corrected duct have
evarywhere a cantri§u3a1 force equal to the ideal centerline centrifugal
force in the original duct; in other words

8k, 2
kg = (r3+r1)3
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and, therefore

Potr 1.5
C(r) = 0.354( 2 1)

To correct a given duct, tke height across the "-end must be
modified by the quantity C(r} . In other words, if hir} is the
uncorrected duct height as a function of »adius, then the correctel
dact height h'(r) is

h'(r) = C(r} h(r)

This type of correction can be applied equally well to square, rectangulac,
circalar, etc., ducts.

Experimental Results

Two experimental elbows have been constructed and tested to
verif - the concept described in the foregoing. Both elbows had identical
cross-secuional areas, and ianer and outer wall radii; the ouly difference
was that one elbow had a corrected cross-sectional shape in accordance
with the above. Figure 68 illustrates the corrected ehow. Both test
items were installed in & water flow system aud overall pressutre loss
was rmonitored. On both elbows, the pressure lnss was measvrad belween
two points several duct widths vpstream and downstream from the bend;
Figure 70 shows the resulting overall pregsure loss for both test items.
It is readily seen that the asw design has a lower overall loss, hence, is
more efficjent.

Figare 71 shcws plots o the cross-channel pressure envelopes for
the two experimental elbows. Note the reduction in the peak pressure
differential for the new design. This reduction i cross-channel pressure
dit..__atial means that the driving forve for the fluid migration, discussed
earlier, has been reduced and, therefore. a reduction m overall pressure
loss is expected.

Conclusiorn

- The tests psiiormed on the two elh ws verified that it is possible to
reduce pressure losses in fluct elbows by p2operly de51gnmg she duct cross=.
section in the bend region $o a5 to minimise secondary flows and, hence,
flow profile distortion. This concept can be applied to & duct with any.

- basic shape. ;
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V. CONCLUSIONS AND RECOMMENDATIONS

V.1 Conclusions

A numoer of conclusions have been derived from the study to
date; these are listed below:

(1)

(2)

(3)

Bellows Flow-Induced Vibrations

Flow-induced vibration of bellows is caused by a fluid~
elastic instability; specifically it is caused by fluid vortex
shedding from the bellows convolutions which couples with
the convolution vibrations. In the absence of convolute
motion there is no well defined latge scale vortex shedding.

The frequency of the vortex shedding can be related to the

~ fluid velocity and convolute dimensions through the use of

a Strouhal number given by
S = fg IV

where fg is the shedding frequeicy, V the velocity, and

¢ the convolute tip width, This Strouhal number appears
to be a weak function of only one parameter which is X/o s
the ratio of pitch to tip width.

The fluid pressure force which is exerted on a single
bellows coanvolute can be expressed i the form

. 2
F = Cpa, (1/2pV%)

where C.. is a vortex force coefficient, A, is the height
area of the convolute, p is fluid density, and V velocity.
The data obtained for C}_; from a number of bellows tests
shows it to be a strong function of the parameter \/o

- It appears that, because of a vortex reinforcement phenomena,

there are “optimum' values of A /¢ which result in local
minimum or maximum values of C’F' Therefore, there might
be some advantage in designing the convolute geometry to
give a minimum Cyp value. In general, "open' ¢ onvolutlon
designs are better than "'closed" designs,
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(5)

(6)

(7)

(8)

(9)

(10)

(11)

(K, N /D

The respoase of a given bellows to flow excitation can

be predicted with fair accuracy with a method described

in this report. Strictly speaking, and because no support-
ing data is presently available, this method is presently
limited to bellows flowing liquids and having a size of
about 2-inches ID. We believe, however, the method can
safely be extended to include gases and larger bellows. One
important restriction is that no radial acoustic resonance
be present to cause amplification of the forces., Future
work is intended to extend the validity of this bellows flow
excitation method.

A very important factor in bellows vibratione is the value

of the dynamic amplification factor Q. Test results show

that Q is dependent on the bellows specific spring rate

m), the internal fluid media, and the number of
plzes. A preliminary set of universal Q valuz curves has
been prepare.l in terms of known bellows and flow parameters,
and can be used for present best-estirnate purposes,

A special parameter, called the "Stress Indicator' has been
derived and is felt to be of value in determining the relative
vibration severity of various bellows., All information
required to make ""Stress Indicator' calculations is contained
in the report.

A preliminary curve giving fatigue failure information has
been compiled and can be used to estimate the possibility of
failure of a given bellows,

Various kinds of liners can be very effective in suppressing
bellows fluw-induced vibrations. Care must be exercised,
however, to keep from causmg an increase in pressure loss
because of the liner.

Various kinds of external.damping devices can be effected
in reducing bellows vibrations. Care must be taken to ensure
that damping is added to the bellows. ‘

Rather large errors can be expected when using existing
spring rate and stress (in terms of deflection) calculation
methods, largely because of an inaccurate knowledge of true
convolute diménsiona.l data.
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{i2)

(13)

(14)

(15)

The use of an accelerometer for monitoring bellows
flowsinduced vibrations can give misleading resuits

ag to the mout ssvere modes of vibration, perticularly
where acoustic rescnances occur in the eystem.

Beilowe and Elbow Preeaure Loss

|
'

Only one exia%ing ‘bellowe pressure loss correlation
method (see Figure 58) is considered valid for general
bellows geometry, snd this method can lead to ra,ther

: large errors in certain caees.

Careful attention to convolution geometry desigyn can
result in a 50 percent or more reduction in pressure
loss when comparing a good design and a peor design.
Typical good and bad designs were shown in Figure 61,
In general, a good design is one with small, ‘open convo-
lutions, Large, close pitch type convolutions generally
give large losces.

A bend with changes in cross section such as described
in this report can result in a subsitantial reduction in
pressure loss compared with a bend of constant geometiry
cross section.

V.2 Recommendations

At this point we have several racommendations:

(1)

’

(2)

it is recommended that the bellows flow-induced vibration
calculation procedures presented in this report be used
for predicting the adequacy of bellows designs and appli-
cations, The reader should be aware, however, of the
stated limitations of the method. In particular, care
should be taken in‘those cases where acoustic resonance
does, or may, occur.

It is recommended that the use of external damping devices

be considered as a practical means of suppressing flow=
induced vibration levels,
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(3)

(4)

 (8)

It is recommended that the bsllows presauré lossn
correlativn given in Figure 58 be used for prediction
purposes,

it is recommended that more work be done to explore
flow=induced vibrations of much larger bellows and thus
validate the prediction method for this case. Alse, a
careful study should be made of the acoustic resonance
phenomena. ,
Extreme care should be exarcised in interpréting accelere
ometer data which is taken fcr bellows flow-induced
monitoring purposes, Strain gages should be used where
feasible,
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" Yimensional Data for Test Bellows Cited
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N¢ = Number of convolutions counted
from the outside.

E".".d

Np = Number of plys
2 .
j Bellows Number D; | Dy | Dn] LL | N[Nl B| N[ o | t |

——
7

E‘ L"

#101, 102,105,112 1,49 | 2.22 | 1.85 | 1.80 7 1 |.351.261.125|.013

#103,104,110,114 1.46 | 2,03 | 1.74 | 1.77 8 1 |.27].22].144 .013i

—— ’ ]
P/N-08047, #106 1,98 | 2,32 | 2,16 | 2.15 9 1 .16" . 24 .095 . 006

P /N-08049, #107 1.97 | 2.33 ] 2,15 | 2.15 | 9 |2 |.17].24}.140]. 006

P/N-08051, #108 2,00 | 2,34 | 2,17 | 2,15 9 3 1.15],24].140(,0006

P/N-08052, #!13 1.99 | 2,45 | 2,22 | 2.41 14 1 {.2¢].17(.090].013

g,

Note: These dimensions are for geometric description
only, Actual dimensions for a particular bellows
may vary somewhat from these representative
dimensions,

DIMENSIONAL DATA FOR TEST BELLOWS CITED
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APPENDIX B
Bellows Spring Rate and Stress-Deflection
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BELLOWS SPRING RATE AND STRESS-DEFLECTION

Spring rate and stress~deflection relationships are of interest in
bellows vibration studies as well as in quasi-static situations., However,
agreement between experimental and analytical methods is quite poor
unless a great deal of care is exercised in obtaining the bellows dimensions
necessary for calculations. Also, the fact that material thickness is not
constant in a formed bellows greatly complicstes any analytical method,
and necessitates.a computer approach or the use of empirical correction
factors for accurate vesults,

Some fairly simple analytical methods are available which can be.
quite ueeful if accuracy requirements are not too stringent.

Axial Spring Rate

Probably the most successful analytical method for determining
spring rate is the one developed by Battelle Memorial Institute. The’
computer program NONLIN which was used in this method provides for
nonlinear elastic deformations as well as for linear deformation. The -
program is completely described in Batitelle's Technical Report No.
AFRPL-TR-58-22, ‘

]

It was found by Battelle that the dimensional data entered into the
program is of critical importance if reasonable accuracy is expected. In
fact, the destructive inspection rmethod used in obtaining bellows dimensions
is considered absolutely necessary. The bellows were encapsulated in a
potting compound, sectioned along the longitudinal axis, polished, and then
measured with a machinists microscope. This was done to one sample-from
each manufactu.ing lot., The remaining bellows in the lot were then-used
to obtain the experimental results,

For formed bellows, this technique resulted-in calculated values
which were consistently within 10% 6f the experimental values. For
welded bellows the results were less accurate but still quite good.

Non-computer techniques are usdally similar to or based on equa-
tions developed by F. Salzmann (10), The Salzmann method is outlined in
Figures B.1 and B,2, These equations were developed for bellows with
constant wall thickness and U-~shaped convolutions, The results are good

when this type of bellows is analyzed. This method should be especially
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§ ® WALL THICKNESS {THICKNESS PER PLY —
I MULTI~PLY) . . a

Cp« FREE PITCH

h ® DISC HEIGHT, MEAR

a & FORMING RADiUS, MEAN _
Da® MEAN BELLOWS DIAMETER = ReZOL

Da s QUTSIDE BELLOWS DIAMETER

D; = INSIDE BELLOWS DIAMETER

Ne £ NUMBER OF CONVOLUTIONS

Np* NUMBER OF PLY

Kp s AUAL SPRING RATE -

P x FORCE TO DEI.ECT BELLOWS AN AMOUNT 3
§ = DEFLECTION OF BELLOWS, AXIALLY

E : YOUNG'S MODULUS

» * POISSON’S RATIO

* SALZMANN'S SHAPE FACTOR, See Fig, B,2

T

-~

Figure B,1l. Bellows Axial Spring Rate

(From Reference 17}
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E‘seful with deposited bellows or accurately formed bellows where
aterial thinning is not excessive., The importance of accurate
dimensional data also applies to this method.

Other similar equations for unusual convolution shapes are
given in an article "Bellows Spring Rate,' by J. D. Matheny in Machine
Design, January 1962.

The Salzmann method given above is taken from the SAE publi—’
cation ARP-735.

When it is impractical to obtain accurate bellows measurements,

and when approximate spring rate is sufficient, the simplified equation
shown below is very convenient:

N 3
= N S
D.,E N, (K)
The nomenclature here is the same as in Figure B. 1.

Table B.I gives a genefal idea of what can be expected from the
Salzmann and the simplified methods.

Convolution Shape S U U U S
N 9 8 7 8 21
Np 1 | 1 1 1
D; 2.00 1.5 1.5 1.5 1.5
- D, 2.16 1.74 1.86 1.75 1.71
Tt 0.006 0.01 0.013 | 0.013 0.009
h 0.162 0.256 | 0.345 | 0.267 0.201
Rate (Test) 282 1000 £44 877 251
Rate (Salzmann} 378 980 450 870 360
Rate (Simplified) 364 855 428 755 224

TABLE B.1 Comparison of Calculated and Experimental
Spring Rate

If very accurate results are required, the spring rate should be determined
experimentally for each individual bellows.
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Stress-Deflection

In general, the information given in the discussion of spring
rate also applies to stress-deflection relationships. Battelle Memorial
Institute has obtained very good agreement between theoretical and
experimental methods through the use of a computer program. This is
reported in the Battelle Technical Report No, AFRPL-TR-6822. The
Salzmann method for stress calculation is given in References 10 and 17.

For the bellows vibration studies in this report, strain gages
were used mainly as monitors for vibration frequency, displacement,
and relative stress level. However, a few tests were performed which
compared experimentally determined stress with that given by the
Salzmann equation. The experimental values obtained were in variance
by from about 10 to 30 percent compared with the calculated values.

In addition to the work of Salzmann and Battelle, other literature
of potential value is that of Clark (18), Laupa and Weil (1?) and Turner
and Ford (20).

B5



o ow .

APPENDIX C

Prediction of Bellows Added Fluid Mass
for QOut-of-Phase Mode
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PREDICTION OF BELLOWS ADDED FLUID MASS
: FOR OUT-OF-PHASE MODE

-Consider the idealized situation shown in Figure C.1; here we
have two adjacent convolutions vibrating out of phase. It is assumed
that the convolution sides remain straight at all times. This motion of
two convolutions toward one another forces some fluid to move in the
y direction with a velocity as = function of y given by

ky?
v(y) = Sh (C.1)

From the mon.entum equation, this fluid motion will cause a pressure
gradient along the convolution given by

o 9
55- = -pfg‘t’- (C.2)
ox
2
d PEY .,
pratar (c.3

Integration gives (see Figure C.1)

pfii 3
ply) = 35~ [ 2. %] 7 (C.4)

"

This is, then, the pressure acting along one side of the convolution
because of out-of-phase acceleration of twu adjacent convolutions. The
problem now is to compute an effective force which acts on the convolution
as it vibrates. If we knew precisely the mode shape of vibration of the
convolution {it has been assumed linear) then this effective force could be
calculated exactly (as could the fluid velocity distribution); we don't know
the mode shape, however, so that the effective force must be estimated.
It is reasonable to assume that it falls somewhere between two limiting

. values. The first is computed by calculating the total force acting over
the convolution (buth sides) which gives

1.3
™D pch e
m f . '
F~, 28 X (C.5)

Cl
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This value of force is believed to be too high., A lower limiting value
is felt to be obtained by weighing p(y) with y and integrating over

the convolution, hence .
h /mD
F =f ) P vdy

o]

(C.6)

e

TrDmpfh3
56

A more reasonable value is believed to be

Tl'Dmpfh3 .
F=—7 % (C.7)

which gives an effective added mass for the out-of-phase mode of

Drmp ﬂlj‘.

m = 25 , (C.8)

For two different cases, use of this value of added mass has given good
results when experimental resonant frequency data was compared with
calculated data; one was the ring convolution test model discussed
previously, the other was a flexible hose for which the in -phase and
out-of-phase modes were both calculated and observed.
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APPENDIX D

Excitation of Liongitudinal Acoustic Resonance
in F'low System
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EXCITATION OF LONGITUDINAL ACOUSTIC RESONANCE
IN FLOW SYSTEM '

When a bellows in a fluid line is experiencing vibrations induced
by the fluid flow, it is generally noted that strong acoustic longitudinal
standing waves are excifed in the flow system piping. This phenomenor
is caused by the bellows vibration exciting some fluid system acoustic
mode(s), of more generally stated, resulting in a coupled bellows-liquid
mode of the type discussed in the previous section. This coupling effect
may be important for two reasons; first, it is feasible that the acoustic
properties of the entire flow system may have a significant effect on the
bellows flow-induced vibration characteristics and, second, strong
acoustic resonance in the flow, with the bellows as a source, may
adversely affect the performance of other components in the system,
for example, the turbopump.

For the present discussion, the problem will be simplified by
considering the bellows vibration as uncoupled from the flow system

acoustics and simply representing a sound source in the system.

Consider Figure D.1 which shows an idealized case in which we

'have a ring vibrating in a pipe; this simulates the vibration of a single-

bellows convolution. From an accustic standpoint, this vibrating ring

is a dipole sound source. Without going into the mathematical details

of the near field sound characteristics of this source, we will assume
that, for all practical purposes, this vibrating ring produces a fluctuating
difference in pressure between a point immediately upstream and another
point immediately downstream of the ring.

Now, consider Tigure D.2, which shows a simplified schematic
of our flow system with this idealized dipole source located as shown.
Acoustically, we are assuming the system to consist of a line or duct with
a dipole source at some intermediate point and with a constant pressure
reservoir at each end. It is important to note that the pressures p and
velocities v shown'in Figure D.2 denote acoustic or nonsteady disturbance

quantities, not total quantities. This explains why the acoustic pressure

- is zero in each reservoir, even though the steady~-state pressure is not

zero, The problem now is to calculate the response of the flyid system
to this dipole source. '

With little loss of accuracy, the fluid lires on either side of the

source (L and L) will be assumed frictionless and one~-dimensionalfrom
an acoustic point of view, The acoustic impedance of each line (1’1 and L)

D1
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looking away from the vibrating ring sound source is

E
!

(iw)
223(1;:) = -ipc tan(wl;/c) (D.1)
and
(iw)
1:,2::0) = ipc tan (0L /c) | (D.2)

where p is fluid density and c speed of sound These two relations
can be combined to give

" pplio) - palie) = ~ipe va(io) {tan(wLi/c) ttanl,/c)]  (D.3)

From Equation (D.3) the magnitude and phase of v3 ¢an be determined for
a given pp - p3 = A elwt (value of sound source), Knowing py(iw),

P3 (iw ) and v3 (iw ), then the acoustic presszure and velocity at any position
X1 Or X2 along the ducts can be determined from the equations

p(xy, iw) =py(iw) cos[w(L-x;)/c] + ipc va(iw) sinfw(Ly ~x;)/c] " (D.4)
Cv(xy, i) =va(ivw) cos[w(ly -xy)/c]+ -5% pp(iw) sin[w(Ll-xl)/f:] | | (D.5)
and
plxp, iw) = p3(iw) cos (wxp/c) - ipc v3(iw) sin (wxp/c) M (D.6)
v(xz,iw) = v3(iw) cos (wxp/c) - ?)it':' p3(iw) sin (wxp/c) - (D.7)

The above relations describe standing waves in the flow system ducts. The

properties of these standing waves, that is the location of pressure nodes,
antmodes and possible resonances, depend essentially upon the values of

D3
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For example, assume Ll Ly = = L, and also put %3 = L - Xl;
eliminating P», P3 and V3 from Equatmns (D.4) through (D 7) g1ves

ewt

plxy . 10) = =5 {cos(wn /c) -sinwxs/c)- cotluL/c)] (D. 8)
iA glWF
vlxp,iw)= T g0 {cos(wx'g/c) cot(oL/c) + sinfwxs/c)] (0.9)
plxy,iw) = -p(xy, iw) (D.10)
and
V(g 1) = vixg, i), o  (D.11)

Notice that the system will exhibit a resonance condition when

wL/c = nm, (n is any integer); antiresonance occurs when wL/c :_121 = nw,
Figure D.3 shcws the system standing wave patterns predicted by Equations
(D. 8) through (D.11) with wL/c =5%/4 as an illustration of a typical situation.
Note the jump discontinuity in pressure at x = 0 with the value of the jump
being equal to the strength of the dipole source. Further, note that the
peak system acoustic pressure does not occur at the source, but rather
occurs at. some point along the line(s); tl this fact is generally true whenever

wL/c > w/2.

As mentionsd previously, the above formulation considered the
vibrating ring (bellows idealization) to be simply a sound source for the
flow system, hence, uncoupled from the system acoustic properties. In
the more general case, the influence of the system upon the bellows
vibration should be considered.
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